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INTERACTION OF CARBON WITH 
DISLOCATIONS IN TUNGSTEN
by
R. J, GRAY, B„ Sc.
A Thesis Submitted to the University of Surrey 
for the Degree of Doctor of Philosophy
December 1970
The interaction of carbon atoms with dislocations in tungsten 
has been investigated using the techniques of tensile testing and 
low frequency internal friction. The investigation involved the 
study of strain-ageing, the carbon Snoek peak and a previously 
reported "cold-work peak".
It has been shown that at temperatures above 550°C, carbon 
in quenched tungsten causes strain-ageing the rate of which may be 
expressed in terms of the kinetics of Cottrell and Bilby. The 
apparent activation energy of yield point return (63 3 kcal/
mole) is considerably higher than that for carbon diffusion 
(43 _+ 2 kcal/mole) estimated from the position of the Snoek peak# 
This apparent discrepancy is explained either by the interaction 
of diffusing carbon atoms, or by the dissolution of carbides during 
the strain-ageing process# A quantitative model has been proposed 
to account for the latter possibility#
The observed deviation from Cottrell-Bilby kinetics during 
the early stages of strain ageing of carbon doped, slowly-cooled 
tungsten has been attributed to the occurrence of dislocation 
recovery preceding the pinning of dislocations*
An internal friction peak observed at temperatures between 
550° and 600°C during the heating of cold-worked tungsten containing 
carbon has been shown not to be a relaxation peak# It is accounted 
for in terms of the change in the rate of recovery of temperature- 
dependent dislocation damping as carbon atoms become mobile during 
the heating cycle#
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12.
Tungsten has the highest melting point of the four refractory 
metals, namely tungsten (3,410°C), tantalum (3,000°C), molybdenum 
(2,610°C), and niobium (2,470°C). It is also appreciably stronger 
than any of the other three metals up to temperatures of about 2,000°C. 
At 1,000°C its ultimate tensile stress is higher than that of tantalum 
or niobium by a factor of about four, and than that of molybdenum by 
a factor of about two^)^ Consequently, the refractory metals, and 
in particular tungsten, are capable of satisfying certain stringent 
requirements of the nuclear and aerospace industries.
One of the main difficulties with tungsten is the high ductile- 
brittle transition temperature (150-450°C). The transition temperature 
and mechanical properties of BCC metals, in general, are strongly 
affected by interstitial impurities (carbon, oxygen, nitrogen, and 
hydrogen). The effects of these interstitial impurities are due to 
their interaction with dislocations. This interaction may lead to 
the formation of "atmospheres" or precipitates at dislocations, an 
effect which manifests itself in the well-known phenomena of discon­
tinuous yielding and strain-ageing.
The present work was concerned with the interaction of carbon 
with dislocations in commercial purity tungsten, employing the 
techniques of tensile testing and low-frequency internal friction.
The use of material in the form of wire facilitated the high temperature 
heat treatments necessary, and enabled similar specimens to be used 
in the two techniques. Particular attention was given to the 
diffusion parameters of carbon in tungsten, in view of discrepancies 
in the published values obtained by various techniques.
Previous work on the effects of interstitial impurities on the 
mechanical properties and internal friction of tungsten is scarce.
1. INTRODUCTION
Consequently, the literature reviewed comprises brief accounts 
of the general features in BCC metals of discontinuous yielding, 
strain-ageing, and certain types of internal friction* In each 
case theories relevant to the present study are then considered 
in more detail, before the existing work on tungsten is described.
14,
2* INTERSTITIAL IMPURITIES IN TUNGSTEN
2.i SOLUBILITIES AND DOPING TECHNIQUES
Solubilities
It is generally observed that in the group Via metals, the 
solubilities of elements forming interstitial solid solutions are 
several orders of magnitude lower than the corresponding values for 
the group Va metals. Furthermore, of the group Via metals, tungsten 
shows lower solubilities than either chromium or molybdenum.
Recently the solubilities of interstitial atoms in the refractory 
metals were summarised by Wilkinson^2^.
Carbon is known to be the most soluble interstitial element in 
tungsten as shown by two investigations, the results of which are 
reproduced in Fig.l. Goldschmidt and Brandestimated the terminal 
solid solubility of carbon from measurements of the lattice parameter 
of carburised tungsten specimens quenched from temperatures above 
1,700°C. These results were criticised by Gebhardt, Fromm and Roy^4^  
who pointed out the possibility that carbide precipitation during 
quenching led to underestimation of the solubility. The latter 
authors re-investigated the solubility of carbon in tungsten using 
the technique of isothermal carburising followed by chemical analysis 
and obtained higher and more reliable solubilities (Fig.l).
According to Gebhardt et al., the terminal solubility of carbon in 
tungsten (C^  atomic %) has the following dependence on the absolute 
temperature (T), over the range 2,070-2,9lO°K:
In C = 4.67 - 15.0 x 103/T ..... (1)m ' 7
The heat of solution of the carbide W2C in the a-solid solution was
thus shown to be 29.8 kcal/g atom (of carbon). Although the results
(3)of Goldschmidt and Brand' ' appear to be less precise, they never­
theless demonstrate that by quenching appreciable concentrations of
35
00
16.
6R
o■Heo+-><
c
Q>-Hcou
c0r>s-lr6
U.
•H
o o oo o oo m oCO CM CM
OooH
C>o 4 0jnq.TBrsdui3x
Tu
ng
st
en
-c
ar
bo
n 
ph
as
e 
di
ag
ra
m
carbon may be held in solid solution in tungsten at ropra temperature.
The following solubility data has been published for other 
interstitials in tungsten: 1 at. ppm hydrogen at 2,20Q°C (0.5 torr 
pressure) | 1 at. ppm nitrogen at 2,000°C (760 tprr)^^, and 
40 ppm*oxygen at 1,700°C^^. These solubilities are much smaller 
than that of carbon in the same temperature region (Fig.l).
Doping techniques[
The doping of tungsten with carbon does not present any difficulty
and there are several techniques available. Becker et al^) heated
tungsten ribbons at 700-1,100°C in acetylene vapour to deposit carbon
on the surface. They showed that if the ribbon was heated to 1,300--
1,700°C in vacuo the carbon diffused into the metal and did not
evaporate appreciably. They also showed that the heating of a car-
„4burised ribbon in a stream of oxygen (10 torr) at high temperature
(1,300-2,100°C) caused the removal of carbon, in the form of its
oxides, to very low limits ( ^  1 atomic ppm).
A similar carburising technique to that of Becker et al was
used by Allen et alU)? but employed methane instead of acetylene.
Savitskiy and Tsarev^^ , on the other hand used a pack carburising
method followed by a homogenising anneal.
Oxygen doping of tungsten has been attempted by annealing the
metal o x y g e n  ? but without success. In order to overcome
problems caused by the volatility of tungsten oxides it was found
(7 9 iO)necessary to heat specimens in sealed tubes containing WO^' 9 9  1.
Under these conditions, up to 50 ppm oxygen was introduced 
into tungsten^0), but this figure does not consist solely of 
dissolved oxygen since oxide particles were seen at grain boundaries.
17.
* Throughout this work analyses are given in concentrations by weight 
unless otherwise stated.
More recently Machlin^U using a field-ion microscope showed that
interstitial oxygen was introduced into tungsten wires following
anneals in oxygen (10~2 torr) at a temperature of 2,100°C. The
direct observations of this work indicated an oxygeh solubility of
about 20 ppm at 1,700°C, which is of the same order of magnitude
(7)as that reported by Allen (40 ppm)' '. A further observation 
of interest was that the annealing of oxygen-doped wires at about 
1,000°C led to the clustering of single oxygen atoms into groups of 
two and f our  ^.
2.2 DIFFUSION
Until recently a certain amount of confusion existed concerning 
the diffusion parameters for carbon in tungsten. The published 
values for the activation energy of diffusion ranged from 34
(13)to 112v ' kcal/mole. In some cases it was not made clear that the 
value given referred to the diffusion of carbon in tungsten carbide 
instead of tungsten. This led to the misquoting of these values by 
several authors. For example, reference 9 in the paper by Rosenfield 
and OwenU4)j and references 8 and 12 in the paper by Aleksandrov ^ ^  
were mistakenly considered to apply to carbon diffusion in tungsten.
The situation was clarified by the work of Fries et al^16 ,^ who 
annealed tungsten samples at temperatures from 1,500° to 2,535°C 
under conditions where carbon was continuously present at the metal 
surface. In these experiments a layer of tungsten carbide (W2C) grew 
inwards from the specimen surface, and the rate-determining process 
was the diffusion of carbon through the carbide. The diffusion 
coeff icient P) was given by the equation;
D = 6 x 102 exp (-97,000/RT)
In order to measure the diffusion coefficient of carbon in 
tungsten, a number of authors have employed the tracer technique.
18.
The technique employed by Koveriskii^^ involved the doping of a
1410mm central portion of the wire with the isotope C . The changes 
in the distribution of along the wire following anneals at
temperatures from 1,800° to 2,800°C were then observed, in order 
to calculate values of the diffusion coefficient (D). D exhibited 
the normal Arrhenius relationship with temperature over the range 
studied. The suggestion by Kovenskii that a slight deviation from 
this relationship was observed* is debatablej because the magnitude 
of the suggested deviation amounts to no more than the experimental 
scatter. The values obtained for the activation energy of carbon 
diffusion (Q), and the parameter, are shown in Table 1 together 
with other published values. Also given in the Table are the 
techniques used and the source of diffusing carbon.
TABLE 1
19*
Diffusion parameters for carbon in tungsten
Author Tech­nique
Carbon
Source
Temperature 
Range °C Qkca1/mole 2P 0cms /sec.
Kovenskii Tracer C dopedW 1,800-2,800 40.4 9.22 x 10“3
Nakonechikov Tracer Surf ace layer of 
C
1,200-1,600 53.5 - 3 8.91 x 10~2
Aleksandrov 
et al Tracer
Surf ace 
layer of C
1,100-1,450 53.5 (a)49.6 (b)
4 x 10~2 
3 x 10"1
Aleksandrov ^ ^ Tracer Surface layer of 
C
900 61.5 ± 1.5 3,1 x 10",1(c)
Becker et al^8^ GOformed 
on W 
ribbon
C doped 
W
1,227-1,927 50.5 1.6 x 10*"6
Klein^20^ Sur­face
Dif­
fusion
Partial 
Surf ace 
layer of 
C
587-837 55 t 7 -
(a) for small penetrations
(b) for large penetrations
(e) assumed value of D ' ' o
The tracer technique used by other a u t h o r s  U 5* -*-8* to study
carbon diffusioh in tungsten differed from that used by Kovenskii
in that the source of carbon was a thin layer of the element 
14containing C deposited on the specimen surface. In each case,
following diffusion annealing, the carbon content was estimated as
a function of depth in the specimen using a sectioning technique.
The results were tested using the equation;-
1 2C(x,t) = S(^Dt)’"2 exp (-x /4Dt) ...... (2)
where C (x,t) is the carbon content at a distance x beneath the 
the surface after time t, and
S the amount of carbon in the initial surface layer,
2Equation (2) predicts a linear relationship between In C and x for 
fixed values of t, S, D and temperature* Linearity was indeed 
shown by the results of Aleksandrov^15  ^and those of Nakonechnikov
et each of which yielded a unique value of Q and (see
2Table 1). However, plots of In C vs. x by Aleksandrov and
(19)Shchelkonogov' 1 showed.resuits at each temperature falling onto
two straight lines separated by a discontinuity. From the temperature
dependence of these lines, two values each of Dq and Q were
calculated, showing a dependence of diffusion parameters on penetration
(or carbon concentration) (see Table 1). Aleksandrov and
Shchelkonogov^19  ^considered that the higher value of Q obtained for
small penetrations was due to the formation of carbide microprecipitates
near the surface of the specimens. This precipitation was also
(15)reported in the paper by Aleksandrovv 7.
There have been three further investigations of carbon diffusion, 
using techniques other than the tracer methods. Becker et al^8  ^
measured the rate of loss of carbon as CO + CO^ from a carbon-doped 
tungsten ribbon heated in a stream of oxygen at temperatures between
20.
1,227° and 1,927°C. A mass spectrometer was used to monitor the
partial pressures of O^ , CD and C02 as functions of time. The
calculation of D-values from these measurements was involved, and
depended on the assumption that the rate of CO and CO^ generation
was limited solely by the rate of carbon diffusion to the surface of
the ribbon. The observed kinetics (e.g. Fig. 5b of ref.8) did not
fit the theory employed very well, which may indicate that the above
assumption was invalid; The value of Dq obtained from this work was
unreasonably lowj beihg about four orders of magnitude less than any
other published value (Table 1). For these feasons, the values of
(8 )Q and obtained by Becker et al' * appear to be unreliable.
Klein(20) has investigated the surface migration of carbon in 
tungsten, using a field emission microscope. In this work, wire 
specimens were partially coated with carbon, and the movement of 
the sharp boundary of the carbon-covered region was followed after 
diffusion anneals. After conducting anneals at various temperatures, 
an activation energy of 55 kcal/mole was calculated for the migration 
of the boundary. However, this value is not necessarily comparable 
with the other values of Q in Table 1, since the mechanism of 
surface diffusion is known to differ from that of volume diffusion.
An interesting observation in this work was that during diffusion 
carbon appeared to avoid certain crystal planes (the (Oil) and (121)) 
and to cluster on others, A similar observation was made by French 
and Richman^2"^  using a field-ion microscope. In this work a tungsten 
tip was coated with carbon and then annealed at 1,000°C allowing the 
growth of W^C into the crystal. By the field evaporation of layers 
of atoms it was shown that the carbide boundary was sharply defined, 
and that the most rapid penetration of carbide occurred in the {100) 
zone. It was also observed that carbide formation occurred prefer­
entially along dislocations.
21.
The orientation relationships between W2C and tungsten into 
which it is growing, first investigated by Swalin^22 ,^ were 
confirmed by French and Richman^21^• It was suggested^22  ^that
W^and
<10.0> W2C // <licj>w, were due to the close similarity in 
tungsten atom positions on^llO^W and-£o0.3^ W2C* More recent results 
(23, 24) kave also shown that the formation of W2C in tungsten 
involves a diffusionless rearrangement of tungsten atoms with very 
little relative motion due to the existence of coincidence lattice 
sites between the two phases.
The direct observations of carbon penetration into tungsten 
referred to above,^20 ” demonstrate the ease* with which W2C is
i
formed during diffusion anneals, and are in accord with the known low
solubility of carbon in tungsten. Anisotropic diffusion is
(20  2 1 )apparently observed' 9 7 under conditions where either carbon
diffusion near W2C in tungsten, or a reaction at the W/W2C interface, 
is the rate-controlling process. This contrasts with the observation 
that the diffusion of carbon through W2C is isotropic^^. It is 
therefore likely that during the anneals of the tracer diffusion 
worlc^5* ^8 9 the diffusion of carbon in tungsten was affected
by the presence of W2C, in accord with the suggestions by 
Aleksandrov and Shchelkonogov^159  ^that carbide microprecipitates 
were formed during these anneals.
The resistivity technique has also been used, by Krautz et al^25  ^
to study the formation of W2C during annealing of quenched tungsten 
wires supersatin:ated with carbon (8-20 ppm)• The residual 
resistivity ratio, considered to be proportional to dissolved carbon 
content, showed a marked drop following isochronal anneals in the
the relationships observed, i.e. ^00.3^W2C//£ll0
temperature range from 300° to 450°C (Fig,2). Annealing at 
increasing temperatures from 450° to 900° C caused further drops in 
the resistivity ratioj and at 840°C carbide precipitates first 
became visible in the electron microscope. The isothermal decay of 
residual resistivity ratio ill the region of 350°C was shown to be 
exponential, occurring at a rate depending on the carbon content.
This decay was thought to accompany the clustering of carbon atoms 
in solid solution, and the results were in good agreement with the 
kinetic theory of Damask et al^2^. Using this theory, an 
activation energy of 32.2 - 2 kcal/mole was obtained for the cluster­
ing process and the smallest stable cluster was estimated to comprise 
(25 )four carbon atoms' '. The binding energy per carbon atom for such 
a cluster was found to lie in the range 6 to 14 kcal/mole, depending 
on which value was accepted for the diffusional energy of carbon.
Other interstitial elements
A number of investigations have been carried out to study the 
diffusion of nitrogen in tungsten. The results have recently been 
summarised by Jehn and Fromm^27 .^ The most reliable results indicate
an activation energy for diffusion of 28,4-32.6 kcal/mole and a Dq
—3 —2 2value of 2.4 x 10 - 1.2 x 10 cms /sec.
The diffusion parameters of oxygen in tungsten are still uncertain, 
Aitken et al^2®^  found a value for the activation energy of permeation 
of 40-44 kcal/mole, but the absence of solubility data makes it 
impossible to calculate diffusion parameters from this work. Brenner 
and McVeagh' 1 found an activation energy of 21 - 2 kcal/mole for 
the formation of tungsten oxide, but were not certain whether the 
diffusion of oxygen was the rate-controlling process.
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For the diffusion coefficient of hydrogen in tungsten the
(5)following equation has been given' 7 i
D = 4.1 x 10~3 exp (-9,000/RT) cm2/sec 
Theoretical Diffusion Parameters
In addition to the experimental values quoted in Table 1,
theoretical estimates have been made of the diffusional energies of
interstitial atoms based on elasticity theory. According to the
work of Yang^30), the atoms carbon, nitrogenj and oxygen occupy
octahedral rather than tetrahedral sites in the lattice, and
diffuse with activation energies of 59, 5l and 64 kbal/mole
respectively. The agreement between theoretical and experimental
values for other BCC metals was only approximate, so the calculations
of Yang must be treated with reserve.
Calculations based on the theory of Wert and Zener (3^have also
been carried out to obtain D values for interstitial diffusion.ong\ ^ 2 2Thus Nakonechnikov et al' ' estimated a D value of 1.69 x 1Q~ cm /seco
for carbon, which is quite close to their experimental value (Table 1'.
Agreement with this theory has also been demonstrated for hydrogen 
(5)in tungsten' 7•
25.
Investigations of the influence of interstitial impurities on 
the mechanical properties of tungsten are limited, but the general 
effects noted are similar to those observed for other BCC metals. 
Also, theoretical work in this field is based mainly on observations 
made using iron. Consequently, from the wide range of literature 
under the above heading, the topics presented here include general 
descriptions of the yield point and strain-ageing phenomena, the 
relevant theories advanced, and an account of the extent to which 
the existing work on tungsten fits the pattern of behaviour of BCC 
metals.
3-1 YIELD POINTS
3»1*1 The stress-strain curve
The existence of the discontinuous yield point was first noted in 
(32)mild steel , and has subsequently been found to occur in other BCC
_ ( 3 3 , 3 4 )  . .metals . Fig. 3 shows a typical diagrammatic stress-strain
curve for a mild steel specimen tested in tension.
A-B represents mainly elastic deformation of the specimen as the
stress increases.
B is the upper yield stress, following which there is a rapid 
drop in stress to C.
C is the lower yield stress, at which plastic deformation occurs 
with very little change in stress until point D.
C-D is termed the LUderTs strain.
D-E is the region of uniform plastic deformation along the length 
of the specimen, accompanied by work hardening.
E is the ultimate tensile stress, and from here to the fracture 
at F there is an apparent fall in stress, accompanied by necking 
at one point in the specimen.
3. MECHANICAL PROPERTIES OF BCC METALS
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Fig. 3 Diagrammatic stress-strain curve for mild steel
Fig. 4 Position of an interstitial atom at an 
edge dislocation
The deformation occurring at the lower yield stress (from C to D), 
is normally observed to be non-uniform along the length of the specimen. 
It occurs in one or more bands, known as Lllder's bands, across the 
specimen and deformation proceeds by the growth of these bands^35 ,^ 
so that when D is reached the entire specimen has undergone deformation 
to a strain equivalent to that present in the initial band appearing 
at C. The deformation occurs at the interface between deformed and
undeformed metal, i.e. the LUder1s fronts at each side of the LUder's
- ,(36)band' .
3.1.2 Effect of Grain Si2e
(37)Edwards et al' ' first showed that the yield stress of mild steel 
increases with decreasing grain size. This was confirmed by Andrew
/ qq \and Leev ' who showed, in addition, the same dependency on grain 
size for the yield point elongation and ultimate tensile stress.
(39)Sylwestrowicz and Hall' ' showed that the difference between the 
upper and lower yield stresses also increased with decreasing grain 
size.
Petch^40  ^expressed the dependency of the lower yield stress (^ y) 
on grain diameter (j£) thus;
i
a = d + k j? ~3    (3)y o y ' ' '
where d and k are constants, o y
d^ (the "friction stress") was considered to represent the intragranular
friction on dislocations in a slip band, and k t o  measure the
(41)difficulty of propagating slip from one grain to another' ’. Much
work has been published on the detailed interpretations of d and k ,
(42)which are still under discussion' Also, attempts have been made
to evaluate dQ without directly making use of equation (3), by
extrapolating the uniform plastic deformation regions of stress- 
(43 44)strain curves * The reliability of this procedure has been
questioned on both t h e o r e t i c a l an<^  experimental grounds^^.
(47)Petch' has also developed the following equation to represent 
the grain size dependence of the upper yield stress (0U)
° u = ° 0U + Acro logio ( I/Ni 3>+  <4>
where &  'cf is the change in friction produced by a tenfold change
in strain rate and
N is the number of grains per unit volume actually deforming
at a . u
Using equations (3) and (4) Petch showed that the yield point 
drop (cr^-cr ) was given by
au~ay 109 (1/N£3)  (5>
3.1.3 Effect of specimen geometry and testing machine
It is known that physical imperfections in a test specimen, 
or non-axial loading, can "cause a considerable reduction in the 
value of the upper yield stress. Thus by using a specimen with 
fillets of a large radius, an upper yield stress has been obtained 
which was 20% above the ultimate tensile stress
Tensile testing machines may be classified as ihard* or 1 soft’ 
according to the amount of elastic deformation they undergo under 
load. A soft machine undergoes appreciable deformation as the specimen 
is loaded so that small fluctuations of stress are not shown in the 
stress-strain curve. This may result in the upper yield point 
being lost altogether^48^.
3.1.4 Theories of discontinuous yielding
The importance of interstitial impurities in causing the sharp
yield point in iron has been known for some time^49 .^ According to 
(37)Edwards et al' ', responsibility for these effects is restricted 
to carbon and nitrogen. Low and Gensamer^50  ^proved this conclusively 
by introducing each interstitial element in turn into iron which
29.
had been purified to the extent that it did not exhibit a discontin­
uous yield point. Only the presence of nitrogen or carbon caused 
the reappearance of a sharp yield point* Of these two elements, 
nitrogen is considered to be more important, if both are present, 
because of its greater solubility in iron at low temperatures^3"^ .
The Cottrell-Bilby theory
The first theory successfully explaining the discontinuous yield
point was advanced by C o t t r e l l a n d  developed by Cottrell and 
(53)Bilby' . According to this theory, interstitial impurities in 
solid solution condense into "atmospheres" around dislocations, 
allowing some relief of the stress fields of the dislocations. 
Dislocations which have become thus "locked" require a greater 
stress to free them from their atmospheres than to maintain their 
subsequent movement through the crystal^34 .^ These situations 
correspond to the upper and lower yield stresses respectively in 
the macroscopic stress-strain curve.
Fig. 4 illustrates the position of an interstitial atom at an 
edge dislocation so that hydrostatic tensile stresses are relieved^32^. 
The shear stresses occurring round screw dislocations may also be 
relieved in such a way because of the asymmetry of the distortion 
produced by interstitial atoms in the BCC lattice, but the theory 
was developed by considering only hydrostatic strains. Accordingly, 
the interaction energy (W) between a solute atom and edge dislocation 
may be written^33 ;^
W “ (A/r) sin a  (6)
where a and r are polar co-ordinates of the atom with respect to 
the dislocation line, and
A is a constant representing the strain introduced by an 
interstitial solute atom, given by
A = A  V (g A/3) (1 *-?)/(! -■•?)  (7)
w h e r e V  is the volume change caused by the introduction of a 
solute atom,
G the modulus of rigidity
"X the distance of closest approach of metal atoms, and
^ Poisson*s ratio.
Also, the Maxwell-BoItzman equation predicts the equilibrium
concentration of solute, n(r,a) in a dilute atmosphere:
n(r,a) = nQ exp (-W(r,a)/kT )  «(6)
where nQ is the average concentration in atoms per unit volume,
k is Boltzman’s constant, and
X the absolute temperature.
Using equations (6), (7) arid (8) Cottrell and Bilby considered that
in a-iron, at room temperature, carbon atoms would be situated at
edge dislocations, as in Fig. 4, with a density of one atom per atom
plane of dislocation. They also suggested that a dilute atmosphere
existed in the anriulus between 10 and 20$ from the dislocation,
having about the same density. Using these atmosphere densities.
8they pointed out that in a material of dislocation density 10 lines/
3cm , a carbon content of 10 % should be sufficient to provide
atmospheres for all dislocations, and hence cause a marked 
discontinuous yield point. The theory thus accounted for the known 
sensitivity of the yield point to small amounts of interstitial 
impurities.
(53)Cottrell and Brlby' ’ also estimated the magnitude of the 
yield point in their theory but pointed out that their method was 
only approximate. This was due mainly to the fact that equation (6), 
used to calculate the restraining force of an atmosphere on a 
dislocation, fails near the dislocation core. This is unfortunate 
since it is the atoms in the dislocation core which exert the
strongest pinning effect. The following equation was shown to
where r'is the distance moved by a dislocation to the unpinning 
position, and .
a the spacing of pinning points along the dislocation line.
The Hahn theory
Direct observations of dislocation behaviour in lithium fluoride
( 5 5  5 6 )at various stresses and temperatures by Johnston and Gilman' 9 1
(5 7 )led to the suggestion by Hahn' ' of a new model for the yield point
in BCC metals. According to this theory, a yield point occurs when
there is initially present in the metal a small number of free or
’'mobile" dislocations. At the upper yield stress, plastic flow
begins, and assuming a fixed rate of straining (k ) of the specimen,P
the few mobile dislocations present must move very rapidly in order
to produce the required strain rate, according to the equation;
£ ~ O.SLbv  (10)
P •
where L is the length of mobile dislocations per unit volume,
b the Burgers vector, and -
v the velocity: of mobile dislocations
A high stress is needed to move dislocations at a high velocity,
(58)according to the equation due to Stein and Low'
n a small positive number.
Multiplication of dislocations then occurs rapidly by a dislocation 
source (e.g. Frank Read source) operation according to the empirical
c W/(3 x' a b) (9)
v = ( T / T 0>n (ii)
where +is the resolved shear stress,
X  the value of T*at unit dislocation velocity, and
33.
equation;
P  = P  0 + c£p  (12)
where /O is the total dislocation density after a plastic strain £  ,
is the value of yO when £ = 0, and
C and a are constants.
It is assumed that L is related to ^ 0 , thus
L = f ^   .(13)
with f 0.1
«
At the constant strain rate £  , a reduction in dislocation velocity
follows the rapid multiplication because of the reciprocal relation­
ship between mobile dislocation density and velocity (equation (10)).
A lower stress is required to move dislocations at a lower velocity,
according to equation (11), and the discontinuous yield point is\
thus explained entirely by the dynamic properties of dislocations.
At the end of the LUderte strain the increasing density and inter­
actions of dislocations result in work hardening, initially according
to equation (12).
( 5 2 )  ( 5 7 )The Cottrell' ' and Hahn' ' theories account for discontinuous
yielding in different ways, i.e. in terms of unpinning and dislocation
dynamics respectively. In view of these alternatives, CottrellU9)
summarised as follows the conditions under which a stress drop may
be obtained during yielding;
(a) When there are no mobile dislocations (i.e. either there 
are no dislocations at all, or existing dislocations 
are pinned by impurities).
(b) When there are few mobile dislocations, and the stress 
opposing their motion is sensitive to their velocity.
3.2 THE STRAIN-AGEING PHENOMENON
3.2.1 The stress-strain curve and effect of variables
If a tensile specimen is strained to a point A (Fig. 5) 
beyond the lower yield point, unloaded, and immediately retested,yielding 
reeommetSBSaf A and follows the same curve as if loading had not been 
interrupted (curve (i)). However, if the specimen is aged at a 
higher temperature; following the initial straining (prestrain) up to 
A, the discontinuous yield point reappears and the flow stress is 
raised as shown by curve (ii). This phenomenon is termed 1 strain- 
ageing1 and is commonly observed in BCC metals exhibiting discontinuous 
yielding. The extent of strain-ageing may be measured by the 
following parameters (see Fig. 5):
<a> A ° u , the difference between the prestrain stress
(the stress at A) and the upper yield stress after 
ageing.
<»> A  <Y the difference between the prestrain stress and 
the lower yield stress after ageing.
(c) The Luder*s strain after strain-ageing.
(d) The changes in \^.U, and E (work hardening
exponent, ultimate tensile stress, and elongation at 
fracture, respectively).due to strain-ageing.
The results illustrated in Fig. 6, obtained by Wilson and 
Russell^^, are typical of a large number of investigations of 
strain-ageing in mild steel' * The following features are 
apparent from these results.
(a) A  increases with ageing time, from zero at the commencement 
of ageing, gradually approaching a limiting value, and then 
decreases slightly after very long ageing times (stages I,
II and III  resp ec tiv e ly ).
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Fig. 5 Behaviour of the stress-strain curve during 
strain-ageing
Log Time
Fig. 6 Effect of ageing time on changes in tensile 
properties during strain-ageing'
(b) The LUder’s strain increases rapidly at first, levels
off Just before the end of stage 1, and shows a further 
increase during the later stages of ageing for fine-grain 
specimens only.
(C) A u, A E, and h remain unchanged until after the LUder’s
strain has levelled off. A u arid A n then increase, and f\E
decreases, to limiting values.
The behaviour of A a and A d  in particular, and certain 
modifications of these parameters, is of considerable practical and
theoretical interest in the study of strain ageing. Some authors
/ \ / \
employ A  d /d or A d  /d as an index of strain-ageing,U P L P
thus reducing the scatter from one specimen to another ^ 3 .^
The yield point drop (A0 “ ) has als° been used^39 .^ AllU  L*
these parameters behave in a similar way to A^r 6), hut the
parameters involving A  d^ are used less often than the others because
of the unreliability of upper yield stress values under certain
experimental conditions (section 3.1.3),
Results similar to those reported for mild steel (Fig. 6) have
—• (63 64 )been obtained from strain-ageing studies of the group Va metals' 9 
Factors affecting strain-ageing
Baird' 7 has reviewed in detail the literature on strain- 
ageing in steel showing the following general effects of variables.
The rate of increase of yield stress during strain-ageing is 
accelerated considerably by an increase in either the concentration 
of interstitial impurities, or the ageing temperature. The 
quantitative relationships established will be considered in the 
next section in connection with the testing of strain-ageing theories. 
On the other hand neither the extent, nor the temperature of 
prestrain appears to have a marked effect on yield stress changes 
during strain ageing.
phenomenon was made in the theory due to Coltrell and Bilby proposed
(53)in conjunction with their theory of discontinuous yielding' . 
According to the latter theory (section 3.1.4), discontinuous yielding 
was associated with the tearing away of dislocations from solute 
atom atmospheres. The subsequent occurrence of strain-ageing was 
then considered to involve the formation of fresh solute atmospheres 
around the free dislocations produced by prestraining* By making 
the following assumptions, a mathematical solution for the rate of 
formation of atmospheres was derived:-
(a) The model considered an infinite, straight, edge dislocation 
surrounded by randomly dispersed solute atoms in an otherwise perfect 
crystal.
(b) The solute atoms, moving by thermal agitation,acquired a 
drift velocity (v) relative to the dislocation given by the Einstein 
equation:
v ~ — (D/kT)    (14)
where D is the diffusion coefficient, and 
W is given by equation (6).
(c) Any flow due to concentration gradients was ignored.
Cottrell and Bilby thus obtained the following expression for
the number of solute atoms arriving at a unit length of dislocation 
in t ime t:
1 2
N(t) = no 3 (^/2)3 (A D t/kT)3  (15)
where n is the initial solute concentration, and o
A is defined by equation (7).
Cottrell and Bilby pointed out that equation (15) was invalid 
for the later stages of strain-ageing when concentration gradients
3 .2 .2  The C ottxell-B ilb y  Theory
A major advance in the understanding of the strain-ageing
became appreciable and assumption (c), therefore, unreasonable.
The theory showed good agreement with existing measurements of 
hardness changes during strain-ageing of mild steelassuming 
N>,. to be related to hardness,(t)
Subsequently, many authors have confirmed equation (15) for the 
early stages of strain-ageing in iron and the group Va metals.
The predictions which have been confirmed are:
(i) Proportional to n^ for given values of t and x^83^
(ii) proportional to t3 for given values of nQ and
T(60,66,67). :
i
(iii) The activation energy of strain-ageing is that for diffusion 
of the relevant solute species(^3,66,67)^
Equation (15) is applicable to strain-ageing results irrespective 
of whethef the discontinuous yield point is explained in terms of 
dislocation dynamics (Hahn theory^37 )^ or unpinning (Cottrell theory)^33^
3.2.3 Other theories of strain-ageing
There have been several attempts to take into account the effects 
of concentration gradients arising during strain-ageing, and thus 
obtain an equation valid for the later stages of the process when 
such gradients inevitably become important. Harper^88  ^modified 
equation (15) to allow for the decrease in solute concentration of 
the matrix surrounding dislocations as strain-ageing proceeded.
He assumed that the rate of segregation at any time was proportional 
to the solute concentration remaining in the lattice, and obtained 
the equation:
D t/kX)3 1  (16)
where q is the fraction of solute segregated to dislocations.
Equation (16) was successfully used to describe experimental 
strain-ageing results up to 90% completion of the process^8 j ).
However, in the more rigorous approach to this problem by Hara^ 70^
38.
q - 1 - exp £ - 2L(rr/2)3 (A
of the matrix was not valid. Although Ham allowed for the effects
of competition for solute atoms between adjacent dislocations, his
solution did not agree well with the observed kinetics. Ham
therefore concluded that the agreement of Harper!s equation with the
experimental results was largely fortuitous.
In the approaches of H a r p e r a n d  Ham^°^, it was assumed that
solute atoms precipitated on arrival at the dislocations, and
furthermore, that dislocations behaved as infinite sinks. However,
(71 72)Bullough and Newman 1 7 derived the kinetics of formation of
Maxwellian atmospheres at dislocations thus allowing for saturation
of the dislocation core as well as matrix depletion.^  In this work
a purely radial form for the solute atom-dislocation interaction
potential was assumed, replacing equation(6)by:
W “ A/r   (17)
The use of equation (17) was Justified by the work of Friedel^8^
who showed that this form of the interaction potential led to the same
( 5 3  \time dependence of N, . as the theory of Cottrell and Bilby' ,v •' / i2 *“■apart from a numerical factor of (27/2 jj~ )3.
Bullough and Newman thus obtained kinetics ©f atmosphere formation 
2
initially in t3 and approaching a steady state at large times, 
in good agreement with the strain-ageing kinetics of low-carbon steels. 
However, it was concluded that the growth of a Maxwellian atmosphere 
could not explain all the experimental observations, such as the 
appearance of precipitate and the complete disappearance of solute 
from between the dislocations ^
In a further paper, Bullough and Newmaninvestigated the 
kinetics of precipitation of solute on dislocations. Two types 
of precipitation were considered, the first involving the growth of
it was shown that Harper*s compensation for the solute depletion
4 0 ,
discrete particles of precipitate at intervals along dislocations.
In this model it was assumed that a finite, constant velocity of 
transfer IC^ existed from solute atoms in the core to precipitates, 
but the kinetics obtained did not agree with those of strain-ageing 
in steels. In the second model the precipitate took the form of con­
tinuous rods along dislocations, and it was assumed that It decreasedP
exponentially during precipitation,due to stress caused by precipitation.
Under these conditions it was possible to obtain kinetics of the
Harper form (equatioh (16)) which agreed with certain strain-ageing
/ 6 8 )results for steel' * , In this case however, the equation could
only be solved by a numerical procedurei
Other models representing the process of strain-ageing, together 
with a summary of the present state of theoretical knowledge were 
recently presented by Bullough and Newman^7 5 It is evident that 
in order to give a complete account of strain-ageing, particularly 
the later stages, in a real system, the physical model on which a 
theory is based must necessarily be complex. However, the solution
(53)of Cottrell and Bxlby' 7, despite its limitations, still appears 
adequate to describe the beginning of the ageing process, and is 
readily compared with experimental results.
3.2.4 Yield Stress changes during Strain-Ageing
Changes in yield stress have frequently been used as an index 
of strain-ageing through the parameters A c  , A at , A.d /d ,U 1/ u p
Ad/cr , or ( A d  - A d  ) (see section 3,2.1). This techniqueU L
differs from other methods of following the extent of strain-ageing,
I
such as internal friction (section 4.5.2) and resistivity, in that 
it measures the effect of solute accumulation at dislocations rather 
than the amount of solute lost from the lattice. However, the 
relationship between yield stress and the extent of segregation is
less obvious than are the corresponding relationships between
internal friction or resistivity and solute concentration, since
there are two different theories of yielding.
(52)In the Cottrell' ' theory, yielding involves the tearing away 
of dislocations from pinning points. Friedel considered the 
breakaway of dislocations from two types of solute pinning, i.e. 
unsaturated atmospheres^78 ,^ and discrete precipitate particles^77  ^
at dislocations. In these cases the unpinning stress was shown 
to be proportional to the concentration of solute atoms or 
precipitate particles respectively. This indicates that A  a131 L
or ( /A & " &  ) should be proportional to the degree of segregation
/ g g  \during strain ageing* This has been confirmed experimentally'
(57)In the Hahn' theory, yxeldmg does not involve uhpinhihg, and 
a relationship must be obtained between the degree of segregation
/ yg\and the density of mobile dislocations' * The first approach
to this problem was made by Hartley^88 ,^ who investigated the change 
in the distribution of dislocation loop lengths during pinning, and 
hence obtained the following equation for the rise in yield stress 
during strain-ageing:
2/
£ a / c  = Kx + K2t 3  ..(18)
where ^  (J is the difference between, and a the arithmetic mean
of the yield stress after ageing and the prestrain stress.
I<x and K2 are constants for a given set of test conditions,
and t is the ageing time.
Hartley found satisfactory agreement between equation (18) and
changes in the lower yield stress of tantalum during strain-ageing.
However, Hartley*s theory was derived for the upper yield stress,
(79)as interpreted by Nakada and Keh' Also it seems that the
index of strain ageing &  a/a differs insignificantly from the
parameter f\ a /a , the use of which was criticised by Hartley^6^* u p
More recently, a simpler treatment based on the Hahn theory 
of discontinuous yielding was given by Bergstrbm and Vingsbo^80 ,^ 
who derived the following equation for the inciease in upper yield 
stress during strain ageing:
2
A T  = (T * 0 a/Zm) (A D t/kT)3 *.... ,;...(19)
where *T*0 is the prestrain (shear) stress,
n is the initial solute content, o
d the distance between atomic planes along the dislocation, 
a a geometrical constant,
Z the number of interstitial atoms per atom plane of 
dislocation needed to prevent unpinning, and 
m the dislocation stress-velocity exponent*
The parameter Z was considered to be time independent, and equation 
(19) shown to be in agreement with experimental data.
It is therefore apparent that whichever theory of yielding is 
considered there is some theoretical Justification for the assumption 
that the increase ift upper yield stress during strain-ageing* is 
proportional to the number of atoms segregated to dislocations. 
However, this is only true in the early stages of the process, and 
would not be valid beyond a change in the mechanism of yielding 
after ageing 6^0\  e.g. from the Cottrell to the Hahn mechanism, when 
the constant of proportionality may change.
3*3 DYNAMIC strain-ageing
The term 1dynamic strain-ageing* is commonly applied to ageing 
processes which occur simultaneously with plastic deformation. Such 
processes are accompanied by serrated stress-strain curves, high 
work hardening rates, negative temperature and strain-rate 
dependence of the flow stress, and reduced ductility. The abundance
of work in this field on steel and the relevant theories were 
reviewed by Baird^1  ^and more recently Keh, Nakada and Leslie 
It is generally accepted that dynamic strain-ageing occurs when 
solute atoms can diffuse fast enough to cause strain-ageing during 
plastic deformation. The phenomenon is thus apparent over the range 
of temperature in which the rate of solute diffusion is sufficient 
to cause dislocation pinning, but insufficient for solute atmospheres 
to accompany moving dislocations without drag. This accounts for 
serrated flow, while the accompanying high rate of work hardening 
is explained by the enhancement of the dislocation multiplication 
rate due to solute pinning^81 .^ Friedel^8^  derived the following 
relationship for the onset of serrations (i.ei the maximum strain
4
rate (£max) at which serrated flow Will occur at a given temperature 
(X)):
p 3
£  m a x  =  <W A £ D / k T  b * )  ( 3 0 ^ ) 2  . .  <i.  * . . « i  * .  ( 2 0 )
where W is the dislocation - interstitial binding energy,
A£ the Lllder1 s strain,
b the Burgers vector,
C the solute concentration,
the saturation concentration in dislocation cores, ( 1 ) ,  and
D the solute diffusion coefficient.
It has often been observed that in accordance with equation (20),
o fthe activation energy for the onset afi serrations is the same as 
that for diffusion of the solute responsible^81 .^ Also, equation (20) 
was shown to yield diffusion coefficients of the correct order of 
magnitude for nitrogen in steel^82 \  and oxygen and nitrogen in 
tantalum^83 ^„
3.4 MECHANICAL PROPERTIES OP TUNGSTEN
3.4.1 Effect of temperature and strain rate
Early accounts of the effects of temperature and strain rate
(84)on the tensile properties of tungsten were given by Jeffries' ’,
/ Q2 \and Bechtold and Shewmon' . These workers noted that the yield 
stress and flow stress increase rapidly as the temperature is 
decreased below about 500°C (Fig. 7). A transition from ductile to 
brittle behaviour was observed in the temperature range from 
150° to 450°C. Also a small peak was observed at about 550°C in 
the curve of yield stress versus temperature which the authors^85  ^
considered due to an ageing phenomenon. Bechtold^88  ^further 
investigated the effect of strain rate in the transition zone, 
ahd found the yield and flow stresses to be very sensitive to this 
variable also, the strain rate exponeht being ah order of magnitude 
greater than that for a-iron.
Throughout the above work^84”88  ^discontinuous yield points were 
either absent or very small, despite the fact that interstitial 
impurities were known to be present (0.02% carbon, 0.008% nitrogen^83^) 
With the development of zone refining techniques, more recent work 
has been concentrated on high purity single crystals of tungsten.
Rose, Ferriss and Wulff^87  ^carried out tensile tests on such 
material, and found that a discontinuous yield point was obtained 
only in crystals having the tensile axis near the direction.
The effects of temperature, strain rate, and crjstallographic orienta­
tion on the stress-strain curve were examined, and it was 
suggested that the yield phenomenon was due to the difficulty in 
moving dislocations on the slip planes which are active when 
tension is applied along a t 1103 axis. The specimens of Rose et al 
8^7) showed ductility at temperatures down to 77°K, while those
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that Beardmore and Hull^88  ^used in a similar series of tests 
were ductile even at 20°K. Ductility at such low temperatures 
was only obtained by electropolishing to remove all surface defects,
/ gg \and Beardmore and Hull' ' suggested that tungsten is not inherently 
brittle, but extremely sensitive to the presence of surface flaws.
Further work on single crystals was conducted by Argon and 
Maloof^89  ^who showed that the abnormal behaviour of crystals with 
a £llOJ tensile axis was due to anisotropic behaviour of dislocations 
on-jfll2 | planes. They attributed the temperature dependence of the
flow stress to a temperature sensitive lattice friction stress*
(87-89) -1In all these cases' ' the F 110 I yield phenomenon was
shown to be a dislocation property and not associated with the
accumulation of point defects at dislocations.
3.4*2 Effect of interstitial impurities
Published work is limited to the effects of the two most
soluble interstitial impurities namely carbon and oxygen. The
effect of oxygen was investigated by Stephens^10  ^who showed that
the element causes considerable embrittlement in polycrystalline
tungsten. Doping with SO ppm oxygen led to the appearance of
second phase particles at grain boundaries, and this was responsible
for the embrittlement since similar doping of single crystals caused
no embrittlement. An unexpected result of these experiments was
the decrease in yield strength with increasing oxygen content.
It was suggested that this was due to the removal of carbon by oxygen
during doping. The observations of Becker et al^8  ^ (section 2.2)
support this idea.
In a further report Stephens^90  ^showed that increasing the
carbon content from 8 to 36 ppm produced the expected increase in
yield strength for single and polycrystalline material (Fig. 8)
and resulted in the appearance of a marked yield point drop. 
Concentrations greater than 36 ppm, at which second phase particles 
were first seen to appear, produced little increase in the yield 
strength. However, Stephens made no mention of the cooling rate, 
which may have been fairly slow, following doping of the 0.125 in, 
diameter specimens. Carbon appeared to have no effect on the UTS 
values.
Schnitzel^91  ^reported small peaks at 450°C and 700°C in the 
yield stress - temperature curve for single crystal tungsten (37 ppm 
carbon, 8 ppm oxygen) quenched from 2,200°C. These were interpreted 
as evidence of interstitial precipitation, since such specimens 
showed a considerable increase in residual resistivity ratio following 
an anneal at 700°C* Ih further papers Schnitzel^92*93  ^reported 
similar work on carburised single crystals, and attributed 
strengthening at 600°C to ptebipltation hardening by carbides*
3*4.3 Strain-Ageing
The first investigation of strain-ageing in tungsten appears 
to be that of McKinsey et al^94  ^using compression tests. These 
workers studied changes in the flow stress of commercial purity 
tungsten during static strain-ageing in the temperature range from 
400°C-to 600°C. Two maxima were observed in the curves of change 
in flow stress with ageing time, the first occurring after 30 mins 
ageing at 400°C and the second after 4 hrs at 600°C. The times 
taken to reach the first maximum at three different ageing tempera­
tures indicated an activation energy of 10 to 15 k cal/mole. It 
was suggested that this was a reasonable value for hydrogen 
diffusion in tungsten and, therefore, that this element might be 
the cause of strain-ageing. A further observation in this work 
was that in some specimens the flow stress after ageing was below
the prestra in  stress, i . e .  the strain-ageing parameter was negative. 
This was thought to be due to  recovery o f the cold work introduced 
during the p restra in *
A b r ie f  account was given by S c h n i t z e l o f  the presence 
o f strain-ageing e ffe c ts  in  carburised tungsten - 0.35% tantalum 
s ing le  crysta ls  containing 80 ppm carbon• A fte r prestrain ing at 
a temperature o f 300°C, and ageing fo r  80 mins at 600°C, a 
discontinuous y ie ld  point was observed on further strain ing at 
300°C* When carburised and quenched single crysta ls  were tested 
in the same way a fte r  ageing at 600°C,a large increase in y ie ld  
stress occurred in  addition to discontinuous y ie ld in g . These 
strain-ageing e ffeb ts  weie cohsidered to be due to  carbide p re c ip i­
ta tion  on dislocations#
The strain-ageing ch aracteris tics  o f p o lycrys ta llin e  tungsten
( 9 5 )
containing carbon were investigated  by Stephens and Form'
Specimens o f 0.13 in . diameter containing 8 ppm and 40 ppm carbon 
were prestrained by 3% to 15% in tension at 370°C and aged at 
temperatures between 649° and 980°C. The specimens containing 
40 ppm carbon exhib ited a marked y ie ld  point drop during prestrain ing 
which returned on reloading, a fte r  ageing fo r  two hours at 649°C.
The increase in  lower y ie ld  stress (A a ) was used as an index 
o f  strain-ageing and i t  was found that at short ageing times and 
low ageing temperatures th is  parameter was negative. A typ ica l 
ageing curve is  reproduced in F ig , 9, showing as a function
o f ageing time at 649°C a fte r  10% prestra in . The activa tion  
energy fo r  the strain -ageing process was evaluated from the times, 
at two ageing temperatures, taken fo r  the y ie ld  point to * ju s t- 
return*. This indicated a value o f 50 k cal/raole which agreed 
w e ll with a published v a l u e f o r  the d iffu s ion  o f carbon in
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tungsten, and strain-ageing was therefore attribu ted  to th is
( 9 5 )element. Stephens and Form did not observe a discontinuous 
y ie ld  point in any o f the specimens containing 8 ppm carbon, 
e ith er during the prestra in  or a fte r  ageing* For these specimens, 
was always negative, but passed through a small maximum 
during ageing at 649°C, a fte r  about two hours (F ig . 9 ). The 
position  o f the maximum showed l i t t l e  varia tion  with ageing 
temperature. As in the work o f  McKinsey et a lU 4 ) the negative 
values o f  were a ttribu ted  to recovery, and i t  was suggested
that the maximum observed in the ageing curve at 8 ppm carbon was 
due e ith er to Weak d is loca tion  pinning by carbon, or to polygonisation* 
Strain-ageing at s t i l l  higher temperatures was described by 
Baird and Hattley^9^ ,  who aged commercial grade tungsten at 
temperatures between 970° and 1,100°C a fte r  prestrain ing 4% in 
compression. These authors derived an activa tion  energy o f 96 kcal/ 
mole fo r  y ie ld  point return, and suggested that the appearance o f 
a discontinuous y ie ld  point a fte r  ageing was due to a reduction in 
the number o f fre e  d is locations by rearrangement or annealing out.
I t  was pointed out that a reduction in the number o f mobile d is lo ­
cations should cause the reappearance o f a discontinuous y ie ld
(57)point o f the Hahn' 7 type.
Similar observations to those o f Baird and Hartley were made 
( 9 7 )
by Koo' 7 who found that a discontinuous y ie ld  point was observed - 
at 600°C in 50% cold worked tungsten annealed at temperatures up to  
1 ,300°C. The appearance o f  a y ie ld  point accompanied polygonisation 
o f the o rg in a lly  random d is loca tion  structure (a t 800°C), and 
subsequent subgrain coarsening at (800°-l,300°C ). A lso the upper 
y ie ld  stress appeared genera lly  to decrease with increasing 
annealing temperature. Annealing above 1,300°C resu lted in
re c ry s ta llis a t io n , causing a marked decrease in y ie ld  stress 
together with disappearance o f the discontinuous y ie ld  point.
The only report o f  serrated y ie ld ing  in tungsten was by
(92 ) -.R
Schn itze l' . In th is work, a stra in  rate o f  8 x 10 “ /sec was
used, and serrations were observed at temperatures from 700°C to
1,200°C in  "as melted" single crysta ls  (24 ppm carbon) and at
1,200°C in carburised quenbhed crysta ls  (81 ppm carbon). The
actual cause o f the serrations was not suggested.
/oo\
Pinlc' } conducted ten s ile  tests  on re c ry s ta llis ed  tungsten 
( 1 1  ppm carboh) at temperatures up to  1,400°C but fa i le d  to 
observe serrated y ie ld in g . However, discontinuous y ie ld in g  occurred 
at 1,300°C and was attribu ted  to d is loca tion  pinnihg by substitu­
tion a l atoms* P in k ^ 8  ^ further suggested, on the basis o f
F r ie d e l*s^82  ^ equation (equation ( 2 0 ) ) ,  that the equilibrium 
s o lu b ility  o f in t e r s t i t ia l  atoms in  tungsten and molybdenum is  too 
low fo r  serrated y ie ld in g  to be observable in  these metals*
3*4.4 Summary
The work o f S t e p h e n s a n d  Schnitzel^92  ^ provides adequate
evidence that carbon, when present in tungsten in su ffic ien t
quantity, causes discontinuous y ie ld ing  and increases the flow
stress. The only other element that shows appreciable so lid
so lu b ility  in tungsten is  oxygen, which appears to be e f fe c t iv e
at high temperatures in removing carbon from tungsten, but not to
cause discontinuous y ie ld in g ^10
With regard to  s ta t ic  strain -ageing, i t  seems probable that
(92.95)carbon can cause th is  phenomenon' f However, no attempt has
yet been made to  compare strain-ageing k in etics  in  tungsten with
( 5 3 )
the theory o f  C o ttre ll and B ilb y ' ’ , I t  is  evident that the 
( 9 5 )
ex is tin g  re su lts ' 7 (F ig . 9) could not f i t  th is  theory because
o f the occurrence o f recovery competing with d is loca tion  pinning.
The presence o f th is competing process casts considerable doubt
(9 4  9 5 \
on the quoted activa tion  energies fo r  stra in -ageing ' ’ 7.
This is  pa rticu la rly  so, since the "recovery" process consumed
the major portions o f  the ageing times used to evaluate the
(9 4  9 5 \
activa tion  energy in each case' * ' .  A lso, experimental
scatter was r e la t iv e ly  large in the investigation  o f McKinsey^94^ ,
and only two ageing temperatures were used by Stephens and Form^95 ,^
thus reducing the accuracy o f the activa tion  energies obtained.
The observations o f negative strain-ageing parameters,
in terpreted as due to recovery, are in terestin g and have also been
noted in strain-ageing work on molybdenum^99^, but not chromium
However, the absence o f strain-ageing work on tungsten containing
less than 8 ppm carbon makes i t  impossible to separate the
contributions o f recovery and d is location  pinning to the stra in -
ageing index. To achieve such a separation seems particu la rly
desirable in view o f  the evidence given by Baird and Hartley ^ 9^
(97)and Koo' 7 that polygonisation may cause return o f the y ie ld  point.
(96 9 7 )
I t  appears that an a lte rn a tive  explanation o f these re su lts ' * '
may involve d is loca tion  pinning by substitutional atoms, as suggested 
by Pink^98  ^ to account fo r  the appearance o f discontinuous y ie ld ing 
at a temperature o f 1,300°C.
4 * IN T ERNAL F R IC T IO N
The number o f mechanisms now known to  cause in terna l f r ic t io n  
is  appreciable. There have been a number o f exce llen t rev iew s(101~104) 
Consequently, fo llow in g  a b r ie f  th eo re tica l introduction, only 
mechanisms o f particu lar in terest to  the present work, and ex is tin g  
work on tungsten, w i l l  be presented.
4 - 1  a n e l a s t i c i t y
F ig .10 shows the mechanical model o f a standard lin ear s o lid  
due to  Zener^101^, which may be used to  i l lu s tra te  the change o f 
stra in  with time, i .e *  re laxa tion , fo llow ing the app lication  o f a fo rce  
F to  a rea l s o lid . At any time t  the stra in  £ is  composed o f the 
e la s t ic  s tra in  £  ^ developed instantaneously, and the anelastic 
s tra in  which iricreases w ith time according to :~
£ 2 -  ^2 r 1 ~ exp j  ....................... (2 i )
where (max) is  the value o f £  at in f in ite  tim e, and
T o  the re laxation  time under conditions o f constant stress , 
a constant fo r  the particu lar process.
Thus the to ta l s tra in  £ at any given time a fte r  application  o f the 
load i s : -
C2   (22)
The modulus o f e la s t ic i t y  o f  th is  s o lid  is  dependent on the speed
with which i t  is  measured. F ig .11 shows the decay o f o sc illa t io n s  o f
wavelength in a standard lin ear so lid  v ib rating f r e e ly ,  and the
corresponding values o f modulus observed depending on the r e la t iv e
values o f Ta and T  . With To much greater than there is
in su ffic ien t time fo r  re laxation  and the unrelaxed modulus M isu
observed:
mu = o / e   (2 3 )
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With T a much smaller than /\ , complete relaxation  resu lts  in the 
relaxed modulus being observed:
Mr = % * £  2 (raa3C) )  (24)
VJhenH^c and A  are o f the same order o f magnitude, i . e .  when the 
s tress-stra in  curve fo llow s a d iffe ren t path in each quarter cyc le , 
the ir re ve rs ib le  generation o f heat is  accompanied by a decay in 
v ib ra tion a l amplitude, and in ternal f r ic t io n  occurs.
F ig .12 shows v e c to r ia l ly  the s ituation  in  a standard linear 
solid/ The e la s t ic  s tra in , ( l£ x) and the equilibrium anelastic  
s tra in  ( £ 2 max) * are phase with the applied stress* However, the 
actual anelastic  btirairi ( ^ 2 ) i a9 fe by an angle 0  and the to ta l 
resu ltant stra in  by a Smaller angle a*
Z e n e r s h o w e d  fo r  h is model that?
tan 0  = ((Mu -  +{t*/T)2)   (25)
where CO is  the angular frequency o f v ib ra tion , and 
"T^the re laxation  time.
In equation (25 ), is  the geometric mean o f the re laxation  times at 
constant stress <rff) and constant stra in  (' Y ' g  )• Tan 0 is  a d irec t 
measure o f  in ternal f r ic t io n  and according to equation (25) has a 
maximum when as shown in F ig . 13. At the maximum the
magnitude o f (M  ^ - defines the value o f tan 0 , and is  thus
termed the re laxation  strength (A.M) o f the system*
By analogy with the danqping (Q"^) o f resonance in  an e le c t r ic  
c ir c u it ,  i t  can be shown that:
tan 0 = C f1 . . . . . . .  (26)
tan 0  is  frequently measured in d ire c tly  v ia  $ (the logarithm ic 
decrement). ^  is  defined as the natural logarithm o f  the ra t io  o f  
successive amplitudes o f fr e e  v ib ra tion s, (F ig .11);
S =  intAj/Ajj)   (27)
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fo r  small damping ^  is  re la ted  to tan 0  thus
S = Tf tan 0  ....C O . (28)
I t  can be seen from F ig .13 that in order to p lo t the in ternal 
f r ic t io n  peak a varia tion  in Ou/Tof four orders o f magnitude is  
needed. At low frequencies th is  is  d i f f ic u lt  to  achieve. Since the 
re laxation  process is  thermally activa ted , the re laxation  time is  
found to  obey an Arrhenius equations
" T  = ' T q  exp (Q/RT) . . . . . . .  (29)
where T 0  is  a constant, independent o f temperature,
T the absolute temperature, and 
Q the activa tion  energy o f the process.
I t  is  experimentally easier to  achieve the required varia tion  in 
CoTby varying the temperature than i t  is  by varying the frequency
o f o s c il la t io n . I f  log^|^ I s proportional to  ^/T, a p lo t o f tan 0
1  ' ‘ vs . /T also shows a symmetrical peak, which is  displaced sideways
by a change in  frequency. The activa tibh  energy o f the irelaxation
process causing the in ternal fr ic t io n  peak cah be calcu lated from
the s h ift  o f the peak temperature ( A  ^/T) using the re la tionsh ip :
In ( f 2/ £ J  = Q (A V t )/ R  .  (30)
where f^  and f^  are the two frequencies used.
I t  a lso fo llow s from equations (26) and (30) that the activa tion  energy 
can be calcu lated from the width o f a peak o f in terna l f r ic t io n  
p lo tted  against rec ip roca l temperatures
Q = 5.28/Wi     (31)
2
where W_i is  the width o f the peak, in rec ip roca l degrees, at ha lf
2
i t s  maximum height.
4,2 THE SNOBK PEAK
Snoek^105  ^ proposed that in ternal fr ic t io n  peaks in iron are due 
to  the p re fe ren tia l d is tr ib u tion  o f in t e r s t i t ia l  carbon and nitrogen
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atoms. He assumed that the positions occupied by these atoms are 
at the centres o f cube edges and cube faces in the unit c e l l ,  these 
being crysta llog raph ica lly  equ iva lent, i . e .  (§ ,J ,0 ) positions 
(F ig .14). The symmetry o f these positions is  tetragonal? since 
the two neighbouring atoms along the 0 LOC£> axis are closer than 
the oth«r four neighbouring iron atoms. When the c rys ta l o f iron  
is  under no stress, the in t e r s t i t ia l  solute atoms w i l l  be randomly 
d istribu ted  amongst these octahedral s ite s . However, i f  a ten s ile  
stress is  applied along a 0 OC!^ > d irec tion , those s ite s  having 
th e ir  tetragonal axis p a ra lle l to  the ten s ile  axis w i l l  be p re ferred , 
e .g . in  Fig*14, s i t e  *a4 W ill  be preferred  to  s ite  *b*i The Jumping 
o f in t e r s t i t ia l  atoms in to preferred  s ite s  ort the applicatioh  o f a 
stress is  thus a cause o f a n e la s tic ity , g iv ing r is e  to  the observed 
re laxation  peaks in iron  and other BCC metals containing 
in te rs t it ia ls (^ °b -1 1 3 ) ^
The above mechanism o f a n e la s tic ity  is  not expected to  be 
iso trop ic^113^. I f  fo r  example the ten s ile  stress is  applied along 
a 0 .1 1^ d irec tion , then the tetragonal axes o f a l l  octahedral s ite s  
are equally d is to rted  and the random d istribu tion  o f in t e r s t i t ia l  
atoms w i l l  remain unchanged* This was v e r if ie d  experimentally by
D ijkstra  U 14 ) .
An important resu lt o f Snoek*s theory is  that the height o f the
re laxation  peak due to in t e r s t i t ia l  carbon or n itrogen atoms in iron
is  proportional to th e ir  concentration. Po ld erU *3 ) calculated the
relaxation  strength o f the Snoek peak in  a s ingle c rys ta l o f any
orien tation . However, in a p o lycrys ta llin e  m aterial each grain
contributes a d iffe re n t  amount to anelastic behaviour, depending
on it s  orien tation  with respect to  the stress ax is . Smit and 
(115)Van Bueren' 7 estimated the constant o f p roportiona lity  between
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solute nitrogen content and Snoek peak height in polycrystaX line
iron , using a general re la tion  between the e la s t ic  constants o f
single c rysta l and po lycrys ta llin e  specimens o f cubic metals. The
estimated value agreed w e ll with an experimental value obtained by
Fast and V errijp  m
Snoek peaks due to  in t e r s t i t ia l  carbon, n itrogen, and oxygen
were a lso discovered in the Group Va metals, and in many cases i t
was shown that the peak height was proportional to  the solute
c o n t e n t 4 However, carbon is  less soluble than nitrogen or
oxygen and the carbon peaks were found to  be unstable and to  age away
during th e ir measurement, making th e ir study more d i f f i c u l t ( ^ 6 ) .
The same problem was found in a l l  in ves tiga tion s (^ °7-112) ^
Snoek peaks in group Via metals, where in te r s t i t ia l  s o lid  s o lu b ilit ie s
in general are much lower Lhah in the group Va m e t a l s D e s p i t e
th is  d i f f ic u lt y ;  the existence o f the nitrogen peak in  chromium is
now w e ll estab lished ^1079 # TIie id en tity  o f re laxation  peaks in
(109 - 1 1 1 )molybdenum' '  is  less  certa in . The carbon peak reported in
( 1 1 1  1 1 2 )tungsten' * 1 w i l l  be considered in  d e ta il in section  4 .6 .1 .
A further resu lt o f Snoek*s theory is  that the re laxation  time 
is  re la ted  to  the mean time ( )  taken fo r  an in t e r s t i t ia l  so lu te 
atom to jump to  a neighbouring s i t e .  P o l d e r s h o w e d  that;
T  = d / s ) ! ' '  .........   (32)
*
A lso, from the theory o f d iffu s ion , is  re la ted  to the d iffu s ion  
co e ffic ie n t  Ds
D = a2/ ( 2 4 T  ) ..............  (33)
fo r  jumps between octahedral s ite s , where a is  the la t t ic e  parameter.
From equations (32) and (33 ):
D = a2/ (3 6 T ) ..............  (3 4 )
Since fo r  a simple re laxation  peaktoHTs 1 at the peak temperature
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(the temperature at which tan 0 is  a maximum), the value o f D may be 
calculated using equation (34 ).
D iffusion  data fo r  the group Va metals obtained from in ternal 
f r ic t io n  measurements was summarised by Powers and Doyle^106 
However, there were two complicating factors which were taken in to  
account s
(a ) Unless a very d ilu te  in te r s t i t ia l  solution was used* the 
Snoek peak was o ften  too broad to  be accounted fo r  by a process 
having a s ing le  re laxation  time. This broadening was 
a ttribu ted  to the association of in t e r s t i t ia l  atoms to  form 
clusters o f two or three atoms occupying adjacent in t e r s t i t ia l  
s i t e s ^  The re laxation  times o f such clusters are 
greater than those fo r  unassociated atoms and the individual 
peak caused by each type o f c luster occurs at a s l ig h t ly  higher 
temperature than that o f the unassociated atomi The individual 
peaks must be separated from the resu ltant broad envelope before 
precise d iffu s ion  data can be obtained. Keefer and Wert^119  ^
id en t if ie d  pa ir and t r ip le t  relaxations in  iron , and Gibala and 
Wert^117^, and Ahmad and SzkopiakU^3) observed these in niobium.
(b) In the case o f unstable Snoek peaks, i . e .  those due to
carbon in  the group Va metals, and known peaks in  the group Via 
metals, the shape o f the re laxation  peak may be d istorted  by 
ageing occurring with increasing rap id ity  while the peak is  
being measured on heating^107^. This e f f e c t ,  i f  marked, makes 
d iffu s ion  data determined from the Snoek peaks unreliab le.
Wert and Marx^120  ^ showed that a linear re lationsh ip  ex is ts
between the activa tion  energy o f a relaxation  process and the peak 
temperature. This was shown to  have a th eoretica l basis in the
(31)
Wert and Zener theory ' ' o f in t e r s t i t ia l  d iffu s ion . The re lationsh ip
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found by Wert and Marx was confirmed recen tly by Stephenson ^ 1 2 1  ^  
who used additional and more accurate in ternal f r ic t io n  data, which 
f i t t e d  the equation
Q = 62.1 T . . . . . . .  (35)
with a standard error o f -  890 cal/mole. Equation (3$) f i t t e d  a l l  
known Snoek peaks in iron  and the group Va m etals, and the only w e ll-  
established peak in the Via metals, i . e .  that due to n itrogen in  
chromium. The re lationsh ip  o f equation (35) provides a useful means 
o f obtaining the approximate activa tion  energies o f unstable Snoek 
peaks.
A comparison was made by Wert U 2^) d iffu s ion  parameters
fo r  carbon in iron as obtained by in ternal f r ic t io n  and other 
techniques, which showed reasonable agreement.
4*3 DISLOCATION DAMPING
I t  was f i r s t  suggested by Read^123  ^ that d is locations ate 
responsible foir part o f the in ternal fr ic t io n  o f metals. A large 
amount o f experimental work has since been carried out, and many 
theories have been proposed to account fo r  the diverse phenomena 
observed* The f i e ld  was reviewed by N ib le tt and Wilks (^24) anci more 
recen tly  by Burdett and Queen ^ 105^• Only those types o f damping which 
are relevant to  the present work are described here. This lim ita tion  
involves mainly the omission o f d is loca tion  re laxation  peaks, while 
particu lar attention  is  given to e ffe c ts  observed at low o s c illa t in g  
frequencies ( ^  1 H z).
An ea rly  c la s s if ic a t io n  o f d is loca tion  damping phenomena was made 
by Nowick^125  ^ who suggested the observations o f damping in co ld- 
worked metals could be placed in the fo llow in g three ca tego ries :
(a ) A "nonlinear" e f fe c t  in which the decrement is
strongly dependent on the s tra in  amplitude, but not 
the frequency, o f o s c illa t io n .
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(b) The K.ttster e f f e c t ,  in which damping which is  
r e la t iv e ly  independent o f o s c illa t in g  s tra in  amplitude 
shows rapid recovery fo llow in g  deformation, at 
temperatures w e ll below the re c ry s ta llisa tio n  temperature.
(c ) The "V iscos ity " e f fe c t  involving strongly temperature 
and frequency dependent damping which is  observed at high 
temperatures a fte r  complete recovery o f the Kbster e f f e c t .
Nowick^125  ^ considered that the "nonlinear" e f fe c t  was one in which 
s tra in  was independent o f frequency bui not a s in g le  valued function 
o f s tress, i . e .  a s ta t ic  hysteresis mechanism. Such a mechanism was 
considered, ch a ra c te r is tic a lly , to be amplitude d e p e n d e n t  U 0 3 )  j  
and the suggested physical model(125) involved the bowing o f 
d is loca tion  segments in response to the applied o s c illa t in g  stress .
I t  was considered that solute atoms prevented the d islocations from 
fo llow in g  the stress completely in phase by repeatedly pinning the 
segments in certain  positions during the to-and-fro bowing. The 
motion o f the d islocations between the pinning positions was assumed 
to be almost instantaneous.
Nowick^123  ^ explained the Kbster e f fe c t  as involv ing damping due 
to  d islocations created during cold work, The observed recovery o f 
th is  damping on ageing was thought to accompany the rearrangement o f 
d is loca tion s. This recovery w i l l  be further considered in section  4.5.
F in a lly , the v is c o s ity  e f fe c t  was thought to involve a d iffu s ive  
flow  o f atoms accompanying the motion o f subgrain boundaries causing a 
relaxation* Various authors^1 2 1 2 8  ^ have since found that at high 
temperatures, d is loca tion  damping generally r ises  according to 
an equation o f the type :-
£ = A exp(-U/kT)   (36)
Schoeck e t a lU 28) have discussed the s ign ificance of the activa tion  
energy U and the constant A in  terms o f d islocations moving 
viscously and in teracting with vacancies.
An ea rly  mathematical theory o f d is loca tion  damping was given 
by Koeh lerU2?) Wb0 used as a model the bowing o f d is loca tion  lin es  
between impurity pinning poin ts. Amplitude independent loss was 
calculated using an analogy between the bowing d islocations and 
the forced  damped vibration  o f a s tr in g . Amplitude dependent loss 
was supposed to  resu lt from the increase in loop length caused by 
stresses su ffic ien t to breakaway o s c illa t in g  d islocations from th e ir 
pinning points*
Weertman and Salkovit2 131) prOp0sed a serai-quantitative 
theory o f d is loca tion  darapirig based on Nowick*sU23) explanation 
o f the non^linear e f f e c t ,  but which led  to amplitude independent 
in ternal fr ic t io n *  In the model o f Weertman arid Salkovitz impurity 
atoms are randomly d istribu ted  and a s ta t ic  hysteresis loss resu lts 
from the passage o f the bowing d islocations through the Mott- 
Nabarro^132  ^ stress f i e ld  o f these atoms. However, th is  theory was 
c r it ic is e d  by Granato and Lttcke^133  ^ who showed that the displacement 
o f bowing d islocations would be much less than the wavelength o f the 
Mott-Nabarro impurity stress f i e ld ,  making the model used by 
Weertman and Salkovitz unreasonable at low stra in  amplitudes.
Granato and Lttcke also c r it ic is e d  certa in  aspects o f Koehler*s^12 
theory, p a rticu la r ly  the mechanism o f  amplitude dependent damping, 
and proposed the fo llow ing m odification in which the v ib ra tin g 
str in g  model is  employed to  obtain two types of energy lo ss , the 
amplitude independent and amplitude dependent decrements.
An amplitude independent decrement ( A £ ) o f the resonance 
type arises at low stresses from the v ib ra tion  o f d is loca tion
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loops between impurity atom pinning points (F ig .15a), This loss 
is  given by the equation:
&  -  SI - A  L4 B to t/tf  3c (3 7 )
where JTL is  an orien tation  fa c to r re la tin g  the appl.te.d stress 
to the c r i t i c a l ly  resolved shear s tre s s , 
the d is loca tion  density,
L the mean vib ra tin g loop length,
w
£*) the angular frequency,
B and C are constants, and
t is  a constant taking account o f the d is tr ibu tion  o f loop
lengths. Under a s u ff ic ie n t ly  large s tress , d is locations are pu lled
away from the im purities; and are then only pinned by the d is loca tion
network nodes (mean spacing L ^ )• This process o f unpinning is
catastrophic since the ease o f unpinning increases with loop length.
The stages a - f o f unpinning and re-pinning correspond to the
stages on the id ea lised  s tress -s tra in  curve (F ig .16), and a
d iffe ren t  path is  fo llow ed  fo r  increasing and decreasing applied
stress . This involves a s ta t ic  hysteresis loss A  which isH
amplitude dependent, and given b y :
d H = ((-A A  L+ Ky^a) / ^ 2 Lc 2 £ o)) exp(-K*va/l.c£ 0)
............. (38)
where K is  a fa c to r connected with the stress required fo r  unpinning, 
yj, is  C o ttre ll*s  m is fit  parameter, 
a is  the atomic spacing, and
is  the maximum value o f the o s c illa t in g  stra in .
F ig .17 shows the e f fe c t  o f stra in  amplitude on logarithm ic decrement 
predicted by the Granato-LUcke theory, and in agreement with 
experimental observations^*34^. Granato and LUcke^*34  ^ tested  
equation (38) by p lo ttin g  log (/\u . £  ) versus * / £  fo r  manyH O O
m aterials, and found lin ear re lationsh ips as predicted by th e ir  theory.
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x
a
x = Dislocation node 
• = Impurity atom pinning point
Fig. 15 The Granato-LUcke vibrating string model
Fig. 16 Stress-strain diagram for the Granato-LUcke model
= amplitude independentdamping
= amplitude dependent damping
Fig. 17 Effect of oscillating strain amplitude on 
logarithmic decrement
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Since the o r ig in a l work by Granato and LUcke, many authors have 
tested  equations (37) and (38 ), and although good agreement has been 
found with some resu lts , others disagree^104 ,^ M odifications and 
extensions have been proposed to account fo r  the discrepancies but 
there remain, in pa rticu la r, two problems. The f i r s t  is  that no 
account was taken in the o r ig in a l theoiy o f the e f fe c t  of thermal 
activa tion  on&^Subsequent a t t e m p t s * 136) a l -^ ow £or 
have not proved very successful^104^. A second problem is  that o f 
the frequency dependence o fA j *  Swartz and Weertman^135  ^ pointed 
out that at frequencies below about 1 0 4 H Za,Ax bedomes almost 
independent o f frequency, contrary to  equation (37 ), These authors 
suggested a m odification o f the Granato-LUcke theory in order to 
obtain a hysteresis mechanism o f amplitude independent damping. The 
model used involves the bowing o f d islocations between impurity atom 
pinning poin ts, from which they break away at s u ff ic ie n t ly  high 
stresses. However, the impurity atoms are assumed to pin only edge 
d islocations (e .g . substitu tional impurities in  BCC m etals). A lso, 
a fte r  breakaway, the displacement o f the d is location  is  lim ited  to 
one ha lf the wavelength o f the Mott-Nabarro stress f i e ld  o f a second 
impurity atom species. The second species is  one which in teracts 
w ith both screw and edge d islocations (e .g . in t e r s t i t ia l  impurities- 
in BCG m etals). This condition o f "impurity spacing control" thus 
d if fe r s  from that o f the Granato-LUcke model, in  which there is  a 
lin e-tension  control o f bowing a fte r  breakaway. The resu lt is  an 
hysteresis loss , which is  amplitude independent, given by:
A j .  = /9 -4 .b L n / ( i 1' C 3  £  )   ( 3 9 )
where /? is  a constant between 1 and 2 ,
,A.the dislocation density,
L^ is  the d is loca tion  node spacing,
C is  the impurity concentration, and
is the size misfit of an impurity atom.
----------------------------------------------------------
I t  is  notable that in  equation (39) , C re fe rs  to  the concentration
o f the impurity which lim its  the breakaway, while the concentration
o f the pinning impurity causing the hysteresis has no e f fe c t  on ^^ .
Equation (39) may be s im p lified  fo r  the case o f BCC metals in  which
in te r s t i t ia l  impurities (concentration C) determine L thus:
„ 4 n
= /sA b  / ( i r  €  c 3-)   (40)
In a further paper, Swartzrt28)rep0r.fced damping changes observed
in cold-worked iron containing carbon. Specimens were deformed at
a low temperature, and then subjected to a series o f pulse anneals,
during which the temperature, frequency, and stra in  amplitude
dependencies o f the damping and modulus defect were observed. The
damping introduced by cold woirking was independent o f temperature
and frequency at low temperatures , but began to r is e  exponentially
with temperature as the temperature o f the previous anneal was
exceeded. Also the damping was found to vary lin ea r ly  w ith stra in
amplitude over two orders o f magnitude o f s tra in , approaching
amplitude independence at both high and low stra ins. The annealing
away o f the damping was a ttribu ted  partly  to the d iffu s ion  o f carbon
atoms to d is loca tions, and p a rtly  to the rearrangement o f
d islocations at low temperatures. Since the resu lts  showed
characteristics o f both the Kdster and v is co s ity  e f f e c t s U 25) ? i t
was suggested that these e ffe c ts  were re la ted  to each other. I t
(130 131 133 137)was concluded that none o f the ex is tin g  th eor ies ' 3 3 * '
o f d is location  damping were able to explain  the observed amplitude, 
frequency, and temperature independence.
A sim ilar conclusion was reached: by Routbort and SackU39) fo r  
FCC metals, These authors found the room temperature amplitude 
independent damping to be almost independent o f frequency over the 
range from 1 Hz to  40 Hz. I t  was suggested that at these frequencies 
the Granato-LUcke damping became so low that i t  was masked by another
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4 . 4 THE COLD WORK PEAK
The cold work, or Kbster re laxation  peak, was f i r s t  reported 
in cold worked iron  by Ke^*4^  using a torsion  pendulum apparatus, 
and subsequently investigated  more ex ien sive ly  by Kbster, Bangert 
and Hahn^*4*^. These authors showed that the height o f the peak 
increased lin ea r ly  with carbon content up to  a saturation value 
which i t s e l f  increased with the amount o f cold work. The peak 
occurred in  the temperature range from 180° to  240°C, A high 
temperature was associated with low prestrains and high in t e r s t i t ia l  
contents, and v ice  versa. Attainment o f the saturation value was 
associated with saturation o f the d is location  in t e r s t i t ia l  s ite s , 
a condition requ iring more solute as the d is location  density 
increased. The peak i t s e l f  was thought to  be due to  the ordering 
o f in t e r s t i t ia l  atoms in  the stress f ie ld s  o f d islocations bowing 
under the applied o s c illa t in g  stress.
An a ltern a tive  mechanism fo r  the peak was proposed by Mura et 
a l ( * 42) who suggested a p a r t ia l solution and re-*precip itation  o f 
carbide p a rtic le s  due to  the lo ca l stress fluctuations caused by 
d is loca tion  o s c il la t io n s .
More recen tly  Petarra and Beshers^*43  ^ showed that in iron only 
nitrogen was responsible fo r  the Kbster peak, while carbon produced 
a small peak which was independent o f carbon content and degree of 
cold  work. Using iron-n itrogen  a llo y s , they investigated  a previously 
observed ch aracteris tic  o f the peak - that o f i t s  complementary 
nature to the Snoek peak^*44> -1-45) .  in th is  work, n itr id ed  specimens 
were quenched, cold worked, and then subjected to  a series  o f ageing 
treatments, from 250° to  550°C fo llow in g which the heights o f the 
Snoek and cold work peaks were measured. The height o f the Snoek
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mechanism of energy loss.
worked peak decreased* However, according to Petarra and Beshers
e a r lie r  assumptions that th is  was due to thermal unpinning c f
solute atoms were untrue because o f the ir r e v e r s ib i l i t y  o f the
e f fe c ts .  D islocation  rearrangement was shown to  be a more l ik e ly
mechanism responsible fo r  the increase in Snoek peak height, since
th is could resu lt in the re je c tion  o f nitrogen atoms in to solu tion
from the decreasing number o f d is loca tion  s ite s .
W hilst the m ajority o f th is  work was carried out on iron
containing carbon and n itrogen, sim ilar resu lts were obtained fo r
other systems* Analogous re laxation  peaks are known fo r  oxygen
and nitrogen in tantalum^144^, nitrogen in  niobium^145^, and hydrogen
in  iron U 4^)? i n each case occurring at a temperature above that o f the
respective Snoek peak. The activa tion  energies, as determined by the
frequency s h ift  method, are about 10  to 2 0  kcals/mole higher than
the values fo r  the corresponding Snoek peaks. The ageing away o f
the cold work peaks also appears to be a general phenomenon.
A number o f theories have been proposed since the o r ig in a l
(140)suggestion o f Kbster e t  a l '  7, a l l  involving the in teraction  o f
in t e r s t i t ia l  atoms with d is loca tions. The most d e ta iled  theory and
rhe one receiv ing most support ^ 4^ 9 150)^ schoeck
(148 )  ^ involving d is locations dragging dense atmospheres to-and-fro.
4 . 5  DECAY OF DAMPING DURING AGEING
4.5 .1 , Quench-Ageing
The p roportiona lity  between Snoek peak height and in te r s t i t ia l
solu te contents has frequently been used to  fo llow  the p rec ip ita tion
o f carbon and nitrogen from supersaturated solution in quenched 
(151 152)iro n ' 9 * Thus Wert found that a fte r  a time t the solute
concentration C in  a quenched iron-carbon a llo y  was given by:
v
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peak was shown to increase with ageing, while that o£ the cold
Ct /C0 = exp[-(,t / Y p  ) J . . . . . . .  (41)
where is  the as-quenched concentration, and
'TT” is  a ch aracteris tic  time re la ted  to the d iffu s ion  c o e ff ic ie n t .
(153)Zener' ' showed that th is  law was expected to be applicable to
d iffu s ion  con tro lled  p rec ip ita tion  processes.
More recen tly  a d eta iled  k in e tic  theory o f p rec ip ita te  nucleation 
was proposed by Damask, Danielson and Dienes^2^^, and shown to  g ive 
a good description  o f r e s is t iv i t y  and in ternal fr ic t io n  (Snoek peak) 
decay during quench*-ageing.
4.5 0 2 , Strain-agelhg 
Snoek Damping
Sim ilar use o f the Snoek peak has been made in  fo llow in g  the
process o f stra in -ageing, since solu te atoms segregated at d islocations
do not contribute to  the Snoek peak. D ijkstra^131  ^ compared
p rec ip ita tion  rates during strain-ageing and quench-ageing, and
showed that p rec ip ita tion  is  much more rapid in the former case,
161 62 67 )i . e . ,  when fresh  d is locations are present. Many authors' 9 f t  
fo llow ing the decrease in height o f the Snoek peak during the ea rly  
stages o f strain-ageing have confirmed the C o ttre ll-B ilb y^33) or 
H a r p e r e q u a t i o n s  (equations (15) and (16) re sp ec t iv e ly ). P a ra lle l 
studies o f the rate o f solute segregation using the Snoek peak and 
y ie ld  stress changes (section  3.2 .4 ) have sometimes shown good 
agreement between the two te ch n iq u es '7^, but th is was not always 
the case^629 6 3\  Kunz^134) ancj Carswell^133  ^ strained quench-aged
specimens and observed an apparent increase in the height o f the 
Snoek peak. They a ttribu ted  th is increase to  the re -so lu tion  o f 
carbide and n itr id e  p a rtic le s  made unstable by the tearing away o f 
d is loca tion s. However, many other explanations o f sim ilar damping 
increases have been given , including some o f the mechanisms $»ut
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forward fo r  the cold work peak « Thus i t  has been suggested
that the extra damping could be due to another re laxation  mechanism,
involving the movement, under an o s c illa t in g  stress , o f d is loca tion
loops dragging C o ttre ll atmospheres^*50  ^ or Snoek atmospheres^*57’ *58^
(159)
with them* Sugeno e t a l suggested a mechanism o f Snoek ordering
in the v ic in ity  o f bowing d is locations to explain th e ir  observations
on the ageing o f strained iron-n itrogen a llo y s . For higher n itrogen
contents th e ir resu lts obeyed Harper*s equation (16 ), but fo r  lower
nitrogen contents, additional damping appeared which was annealed
away during the e a r lie r  stages o f  ageing,
McLennans ^ *8<"  ^ resu lts  a lso indicated the presence o f a two-stage
ageing process during stra in -ageihg, fo r  which two explanations were
considered. F ir s t ly ,  carbide p rec ip ita tion  at vacancies together w ith
C o ttre ll-B ilb y  d r i f t  o f solute to d isiocatiohs could represent the
stages. A lte rn a tiv e ly , the resu lts  were explained by Bullough and 
(71)Newmanfs ' '  equation applied separately to d is loca tion  c e l l  w a lls , 
and c e l l  in te r io rs . A residual in ternal f r ic t io n  peak was found to 
coincide with the Snoek peak a fte r  stra in -ageing, fo r  which a carbon 
atom - vacancy in teraction  was suggested* Such an association  could, 
as pointed out by Lautenschlager and Britta in^82) , explain d ifferences 
in strain-ageing behaviour revealed by concurrent studies o f in ternal 
f r ic t io n  and y ie ld  point changes.
D islocation Damping
Several workers, p r in c ip a lly  Swartz^*8*^, and Stephenson and 
Conard^*82  ^ have c r it ic is e d  many o f the low frequency in ternal 
f r ic t io n  studies o f strain-ageing in iron fo r  th e ir  fa ilu re  to 
recognise the presence o f variab le d is loca tion  damping, Swartz^*8*  ^
showed that, p a rticu la r ly  in specimens having been quench-aged, 
deformation caused a large increase in background damping.
(150)
Furthermore, the rate o f decay o f th is  damping during further 
ageing was re la ted  to the Snoek peak height Just before deformation. 
More recen tly? Stephenson and Conard^182  ^ studied the e f fe c t  o f 
cold work on damping near the Snoek peak, and suggested that a fa ls e  
peak or "d is loca tion  pseudo-peak" was produced. The proposed 
mechanism involved the combination o f temperature-dependent 
d is location  damping, and d is loca tion  pinning by in te r s t i t ia l  
atoms during measurement o f the Snoek peak. Predominance of the 
former fa c to r  explained the increase in damping with temperature 
forming the low temperature side o f the pseudo^peak, while the 
la t te r  accounted fo r  the decrease in  damping on the high temperature 
side.
D islocation daiping studies at high frequencies during s tra in -
ageing have often  shown good agreement with a development o f the
Granato-Lttcke theory^163).  According to th is theory, the isothermal
decay o f damping resu ltin g from the shortening o f loop lengths by
in te r s t i t ia l  or vacancy pinning is  given by the equations:
2
= A3V (1 + P* ?  >   (42)
A h = Ax exp £ A2 Y2 (1+/9 t 3* ) ]  . . . . . . .  (43)
where Y^ and Y2 are point defect concentration??
A_, A , and A „, are constants and 2
= f C10/(C10 + S o ) ]  (4a/a2> (AD/ld)S   (44)
where C-^ and are concentrations o f vacancies and im purities,
resp ec tive ly , 
a is  a constant, 
a the la t t ic e  parameter,
A C o ttre ll*s  in teraction  parameter, and 
D the d iffu s ion  c o e ff ic ie n t .
Equation (42) has been found to apply to  amplitude independent 
damping during strain-ageing in  iron^184^, molybdenum^18 '5 ^ , and 
tantalum^188^„ The activa tion  energy thus obtained generally appears 
to be that fo r  in t e r s t i t ia l  d iffus ion^185’ 188^, although Humphreys 
e t a lU 64) did not  fin d  th is to  be so. This disagreement might be 
explained by the extraordinary s e n s it iv ity  o f th is technique, which 
can detect an impurity concentration o f 10 14 , Such
s e n s it iv ity  makes i t  d i f f ic u lt  to estab lish  the pinning agent with 
certa in ty,
4 .5 ,3 , In tr ih s lc  Recovery Processes
In tr in s ic  recovery processes have sometimes been found to oCcur 
during ageing a fte r  deformation, and may in te rfe re  with investigations 
o f strain-ageing e ffe c ts  due to  in t e r s t i t ia l  im purities. The 
d iffu s ion  o f vacancies created by cold work to d islocations in  copper 
was found to cause decay o f high frequency damping, according to 
equation (42)^183> -^7) . There appears to be no sim ilar work in  
BCC metals.
According to  Nowick^188  ^ in ternal fr ic t io n  is  very sen sitive
to  the early  stages o f d is loca tion  rearrangement, and th is  process
causes the Kbster e f fe c t  in  cold worked m etals(1^3) # D islocation
rearrangement appears to cause damping decay in deformed iron , even
at room t e m p e r a t u r e » 140)  ^ accor(j i ng to the em pirical equation^16^)
( St " SQ) * exp ( - Btn)    (45)
where £> , £ are the logarithm ic decrements a fte r  time t ,  and t  v o
in f in ite  time resp ec tive ly ,
B is  a temperature-dependent constant, and 
n l ie s  in the range 0.3 - 0.45,
Equation (45) was found to f i t  experimental data up to 95% 
completion o f recovery ^ 189^.
F in a lly , i t  may be noted that the cold worlc peak, since i t  
involves d is loca tion  motion, is  lia b le  to be a ffec ted  by d is location  
recovery. The ageing away o f th is peak at temperatures in the
region o f ,  or above, the peak temperature has been attribu ted  to
. (143, 170)such recovery ' f 1.
4.6 INTERNAL FRICTION IN TUNGSTEN
4.6 .1 . Snoek peaks
The f i r s t  ind ication  o f the existence o f Snoek peaks in  tungsten
was given by Zener * P*-1-20) re fe rr in g  to unpublished work
by Snoek, but no d e ta ils  were given* A subsequent attempt by
Atkinson e t a l^ *7*^ to fin d  these peaks in  the re c ry s ta llis ed  metal
was not successful. Although small peaks were observed in th is
work, they were not reproducible e ith er in the same or d iffe ren t
specimens. Goldschmidt and Brand^172  ^ used a torsion  pendulum to
investigate the in ternal f r ic t io n  o f pure, and carbon-doped, quenched
po lycrys ta llin e  w ires , but observed no peaks between room temperature
and 700°C, However, i t  appears from th e ir  resu lts  that a peak o f
-3height less than b = 10 would have been undetectable. The damping
at a given temperature was less in the carbon-doped specimen than
in the pure one, Goldschmidt and Brand suggested that e ith er the
carbon Snoek peak was too small to  be v is ib le ,  or e ls e  that carbon
occupied tetrahedral la t t ic e  s ite s ,  and thus caused no peak.
The f i r s t  successful in vestiga tion  o f the Snoek peak in tungsten
( 1 1 2 )was made by S chn itze l' using electron-beam re fin ed  single
crysta ls  in a torsion  pendulum. In untreated crysta ls  a peak was 
observed during heating at about 300°C, which disappeared a fte r  
heating to 500°C. High temperature vacuum annealing caused the peak 
to  re-appear with the height increasing with annealing temperature 
up to  2,000°C, while above th is  temperature the peak height remained
constant at S - 20 x 10 3. Annealing at 2,000°C caused the 
appearance o f a second peak at about 400°C<, The use o f a fa s ter 
heating rate during in ternal f r ic t io n  measurements revealed that 
both peaks, although fap id ly  annealed away, were s t i l l  present during 
immediate cooling. Carburising at 2,200°G fo llow ed by slow cooling 
had the e f fe c t  o f almost removing the peaks and the background 
damping at temperatures below 600°C. Carburising fo llow ed by
quenching, on the other hand, resu lted in  a strong peak at 400°C
-3 o<s = 6 x 10 ) ,  and a very small one at 300 C.
Schnitzel^**2  ^ a lso annealed one specimen at 2,000°C and then
cold-worked i t  by 5% in tension, when a peak was observed at about
620°C (F ig .18) which was considered to  be the cold-work peak.
Limited qu a lita tive  conclusions only, could be drawn from these
resu lts . The peak at 400°C was thought to be the carbon Snoek peak,
since !
(a ) I t  was observed with decreasing as w e ll as increasing 
temperature.
(b ) Its  narrowness indicated that the re laxation  process was 
occurring with a s ingle re laxation  time.
(c ) Its  height was grea tly  increased by carburising and 
quenching from temperatures where appreciable carbon 
s o lu b ility  is  known to  e x is t .
(d ) According to Marx and Wert^120^, a re laxation  peak at 
th is temperature should have an activa tion  energy in the 
region o f 45 kcal/mole. This is  in reasonably good agreement 
with the value fo r  carbon d iffu s ion  obtained by Becker e t  a l^8^. 
The in te r s t i t ia l  causing the peak at 300°C could not be
id en tified .
A further study o f in ternal f r ic t io n ,  in  carbon-doped
76 c.
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p o lyerys ta llin e  tungsten, was carried  out by Shchelkonogov e t a l 
(111)^ a^so using a torsion  pendulum (0,4 Hz), A re laxation  peak 
was observed during heating, at 380°C, the height o f which increased 
with the time and temperature o f the carburising treatment. I t  was 
stated that the activa tion  energy o f the peak was 4 7 - 4  kcal/mole, 
calcu lated from the h a lf w idth, shape, and temperature o f the peak. 
However, using equation (33) to ca lcu late d iffu s ion  c o e ffic ie n ts  at 
d iffe re n t  temperatures, an activa tion  energy o f 41 »  4 kcal/mole 
was obtained, The peak was considered to be the Snoek peak due to 
carbon in tungsten. A fu rther peak was reported at a temperature 
o f 315°C but could not be id e n t if ie d .
4 .6 .2 . Cold Work E ffects
A re laxation  peak was reported at 300°C by M artinet(173) us±ng 
heavily  cold-worked tungsten in a torsion  pendulum. The peak was 
annealed away during it s  measurement, and programmes o f isothermal 
and isochronal anneals were used to  study stages in its  decay. 
A ctiva tion  energies o f 39 and 47.6 kcal/mole were obtained fo r  two 
annealing stages denoted " I I IB "  and II IC "  resp ec tive ly . These values 
are sim ilar to those fo r  the stage I I I  recovery o f r e s is t iv it y ^ 174^. 
Using the frequency s h ift  technique, an activa tion  energy o f 
35 kcal/mole was obtained fo r  the peak, which was thought to be due 
to  the drag o f vacancy atmospheres by d is loca tion s. Stages I I IB  
and I I I  C o f decay o f the peak were supposed to  be due to the 
migration o f s e l f - in t e r s t i t ia ls  ann ih ilating vacancies near 
d is locations and m igration o f vacancies along d is locations into 
heaps, resp ec tive ly .
Carpenter and Baker(175) ,  examined d is lo c a t io n - in te rs t it ia l 
in teractions in  cold-worked ( 1 %) single crysta ls  o f tungsten by
in ternal f r ic t io n  measurements at a frequency o f 50 KHz. Strain
-7 -4amplitudes between 10  and 1 0  were used to obtain the amplitude-
dependent and independent damping contributions .following isochronal
anneals from room temperature up to 700°Co The amplitude
independent damping was annealed away between 300° and 300°c, and
th is process was studied by measurements o f damping decay at
various constant temperatures from 400° to 500°C. The t 2//3 law o f
(53)C o ttre ll and B ilb y ' 7 was obeyed fo r  th is  range o f temperature, and 
•the isothermal measurements y ie ld ed  an activa tion  energy o f 47 - 5 
kcal/raole fo r  the process. This process was considered to  be the 
pinning o f d is locations by in t e r s t i t ia l  atoms, possib ly carbon, 
shortening d is loca tion  loops. In th is case the amplitude 
independent damping decreased according to equation (42 ), as 
predicted by the Granato-LUcke theory^1 0 3
In a fu rther paper, Carpenter and BakerU?6 ) i nvesliga ted  
amplitude-dependent damping in  the same m aterial they used previously 
( I 75) .  Using the thermally activa ted  breakaway theory o f F riede l^135^, 
a value o f 2 kcal/mole was calcu lated fo r  the in te rs t it ia l-d is lo c a t io n  
binding energy. This was thought to be too low to be reasonably, and 
the theory therefore inapplicable to these resu lts .
4.6.3 Other in ternal fr ic t io n  e ffe c ts
Low temperature (below 20°C) in ternal f r ic t io n  peaks due to 
d is location  re laxations were reported by several workers using the 
k iloh ertz  frequency range(*^7-179)^
There were also severa l investigations o f damping at high 
temperatures (above 1,000°C). S ch n itze lU 8^) suggested that a peak 
occurring at 1,250°C with an associated activa tion  energy o f 
125 kcal/mole was due to grain  boundary re laxations. Peaks between 
1,000°C and 2,000°C were a lso  examined by AleksandrovU8 2 > 183)^ 
which were believed  to  be due to  grain boundary re laxations.
Pines and KarmazinU2^) sjlowe<x that the high temperature back­
ground damping o f tungsten f i t t e d  the normal exponential
relationship (equation (36 )) over the temperature range from 300 
to 950^Co
The work o f Schn itzel^**2  ^ and Shchelkonogov^***^ appears to  have 
established the existence at about 400°C (1 Hz) o f the Snoek peak 
due to  carbon in  tungsten. The in s ta b ility  of th is peak^**2^, lik e  
that o f the carbon peak in the group Va m e t a l s i n d i c a t e s  the 
in s ta b ility  o f carbon in  so lid  solu tion . The absence o f any other 
known Snoek peaks is  in keeping with the much lower s o lu b ility  o f the 
other in t e r s t i t ia l  elements in  tungsten (section  2 . 1 ) .
The studies o f cold-worked tungsten appear to be more f r u i t fu l ,  
having indicated the presence o f a re laxation  due to in tr in s ic  . 
defects^*73* 177-179)^ je s te r  type peak^**2^. The Granato-
LUcke theory describes^175  ^ the changes in high frequency damping 
during d is loca tion  pinning, but the s e n s it iv ity  o f the technique 
makes i t  d i f f ic u lt  to  id en tify  the pinning species.
In Table 2 are summarised relevant parameters fo r  re laxation  
peaks observed between room temperature and 1,000°C*
Table 2
In ternal fr ic t io n  peaks observed between room temperature
and 1,000°C
Reference M aterial Suggestedmechanism
Max.
Peak
Ht.
JxlO
Peak
Temp
°C
Freq.
Hz.
Q
kcal/
mole
Martinet ^ 173) 2 0% cold  work D islocation
vacancy
in teraction
7 302 1 35
Schnitzel *112) Recrystalw 
lis e d
Snoek
relaxation
22 300 1 35
Shchelkonogov
( 1 1 1 )
Cairbur ised 
+ re c ry s ta l­
lis ed
Unknown 15 315 0.4 (a )
ti i* Carbon 
Snoek peak
47 380 0*4 41
Schnitzel (*^2) Carburised 
quenched 
single 
crysta l
Carbon 
Snoek peak
12 400 1 45
Schnitzel^112^ 5% ccld - 
worked 
single 
crysta l
If&ster peak 3 620 1 . 6 -
(&) Pezkk breadth indicated a, Spect r u m  of relaxation times
5 * EXPERIMENTAL PROCEDURE 
5.1 MATERIAL
Specimens were prepared from 0.030 in . diameter commercially 
pure tungsten w ire supplied by Murex Ltd. The wire was manufactured 
from sin tered  bar, 0 . 6  in . square, in two working operations:
(a ) Hot swaging down to 0.125 in* diameter. The commencing
and f in a l temperatures were about 1,500°C and 900°C resp ec tive ly .
(b ) Drawing through carbide dies down to 0.030 in . diameter; 
graphite being used as a lubricant. In th is  case the commencing
temperature was about 800° and the f in a l  temperature about 200°C.
F in a lly , graphite was removed from the wires in a bath o f  hot
caustic soda solu tion .
Table 3 shows the manufacturer’ s batch analysis o f the as- 
received  m aterial.
TABLE 3 
Analysis o f tungsten w ire
Element Weight ppm
| Carbon 50
Nitrogen 20
Oxygen 17
Hydrogen 3
Iron 130
S ilicon 50
Molybdenum 45
Copper 5
5.2 HEAT TREATMENT AND DOPING
Specimens were degreased and heat-treated  in lengths o f 18 ins. 
D irect e le c tr ic  resistance heating by a con tro lled  current was
8 3 .
employed e ith er in vacuo or in a selected atmosphere at a low 
pressure. The apparatus comprised a conventional pumping system 
with a s ilicon e  o i l  d iffu s ion  pump and a liqu id  nitrogen trap 
used fo r  anneals in vacuo.
The specimen temperature was measured with an accuracy o f 
20°C using an op tica l pyrometer which was ca lib rated  at the 
melting points o f pure metals in the same apparatus. The heat 
treatments and atmospheres used to control the carbon content 
are described below, under the headings by which the specimens 
are re ferred  to in  section 6 *
(a ) Vacuum Annealed;
- 5These specimens were annealed m  a vacuum o f 2 x 10 
torr fo r  30 mins at 2,2Q0°C. At the end o f the annealing treatment 
the specimens were vacuum quenched by switching o f f  the current.
The resu lting cooling rate is  shown in F ig . 19 where temperature’ 
is  p lo tted  as a function o f time a fte r  the interruption o f current.
(b) Carbon-free;
The treatment in th is  case was as described in (a ),  except 
that the annealing was carried  out in  an atmosphere o f 0.5 to rr 
oxygen. I t  was observed that the treatment resu lted in the loss 
o f some tungsten from the surface o f the w ire in the form o f 
tungstic oxide. The resu ltin g decrease in diameter was about 0.0005 in.
(c) Carbon-doped:
A fter a series o f tests  the fo llow ing technique, involving 
two annealing treatments, was used to  introduce con tro lled  amounts 
o f carbon in to the tungsten w ire. The f i r s t  treatment consisted 
o f an anneal fo r  5 mins at 960°C in an atmosphere o f acetylene, 
which resulted in the formation o f a thin layer o f tungsten 
carbide on the w ire surface. The second anneal was carried  out in
vacuo ( 2 x 10 3  t o r r ) at 2200°C fo r  30 ruin, to homogenise the 
carbon throughout the cross section  o f the w ire , and to re c ry s ta llis e  
i t .  At the end o f the second anneal the m ajority o f specimens 
were vacuum quenched, but fo r  some specimens d iffe ren t cooling 
rates were used. A fa s te r  rate o f cooling was achieved by admitting 
hydrogen gas (0.5 to r r ) before switching o f f  the current, (gas 
quenching) and a slower ra te by vacuum quenching to 1,000° C, and 
then applying a small decreasing current to reduce the rate o f 
cooling down to room temperature. F ig . 19 shows the f a l l  in 
specimen temperature with time a fte r  sw itch -off fo r  the three 
cooling rates. Specimens which had been carbon-doped were generally 
more b r i t t le  than those having received  other treatments. However, 
the specimens which were hydrogen quenched were extremely fr a g i le  
at room temperature necessitating great caution during handling.
Control o f  the carbon content was achieved by varying the 
acetylene pressure during the f i r s t ,  or carburising, anneal.
The ca lib ra tion  points obtained by chemical analysis are shown 
in F ig . 2 0 . The analyses were carried  out conductiom etrically 
with a precision  o f  + 4 ppm.
Table 4 shows the ranges o f carbon contents obtained by the 
above three treatments.
TABLE 4 
Carbon contents o f specimens
Treatment Car bora Content (ppm)
(a ) Vacuum annealed
(b ) Carbon-free
(c ) Carbon-doped
1 0 - 2 0
< 2
20-200 (See F ig . 20)
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Acetylene pressure, torr 
F ig . 20 Doping o f specimens with carbon
Microscopy was carried  out on specimens having received the
treatments (a ) - ( c ) .  A l l  specimens were fu l ly  re c ry s ta llis ed ,
having a grain diameter o f about 0.015 mm ( * / „  w;*-re
5 0
diameter).
5 . 3  TENSILE TESTING AND COLD-WORKING
Tensile testin g and cold-working treatments were carried  
out on a Houn s f ie ld  "E-type" tensometer with an autographic 
load - extension recorder* Because o f the high du ctile  to b r i t t le  
tran s ition  temperature, p la s tic  deformation o f re c ry s ta llis ed  
tungsten could not have been carried  out below a temperature o f  at 
least 240°C (see F ig , 27). A j i g  was used to mount the wire 
specimens in the grips to ensure a constant specimen length and 
alignment with the grips. The j i g  was used on a hotplate at 
300°C. The gauge length o f specimens was 2 ins.
F ig . 21 shows the arrangement fo r  stra in ing specimens at 
elevated temperatures in  an inert atmosphere. A l l  parts o f the 
grips which were subjected to high temperatures were made from a 
molybdenum - 0.5% titanium a llo y  to  enable ten s ile  tes tin g  to be 
carried  out at temperatures o f up to 1,000°C. The temperature 
was measured by means o f a Chromel - Alurael thermocouple in 
contact with the specimen. Due to  the rapid oxidation o f  tungsten 
in a ir  at temperatures above 400°C, argon was used as a p ro tective  
atmosphere. Traces o f water, oxygen, and nitrogen were removed 
from the argon in a p u rifica tion  tra in  o f  molecular sieves fo llow ed  
by a tube o f titanium p e lle ts  at a temperature o f 900°C. The 
p ro tective  atmosphere fo r  the specimen and grips was contained in  
a sta in less s tee l cy linder, at a pressure o f several cms. o f mercury 
above atmospheric pressure. Following the insertion  o f each 
specimen in  the stra in ing device, a ir  was flushed from the sta in less
88.
Load
A
F ig . 21 High temperature stra in ing o f specimens
s tee l Cylinder with argon before heating to the tes t temperature. 
Rapid heating and cooling o f  the specimen could be achieved by 
ra is ing and lowering the furnace, respective ly , while the sta in less 
s tee l tube remained in  position  to protect the specimen from 
oxidation. The temperature gradient over the length o f the 
specimen was found to be less than 4°C. A l l  specimens were bright 
and shiny on removal from the furnace, and specimens tested  to 
fa ilu re  normally broke at more than 0 . 1  in . from the grips*
Ageing Treatments
The specimens used fo r  strain-ageing studies were inserted
in  to the r ig  and a fte r  the expulsion o f a ir  by argon were rapid ly
o -3heated to 400 C and prestrained by 5.6% at a stra in  rate o f 10 /sec.
The specimens were then unloaded and the temperature raised as
rap id ly as possib le to the ageing temperature (between 500 and 800°C)
without overshooting. A fte r  a measured ageing time, the specimens
were rap id ly cooled to 400°C by lowering the furnace and exposing
the sta in less tube (F ig , 21) containing the argon atmosphere to a ir
at room temperature. The furnace was subsequently raised, and
a fte r  achieving a steady specimen temperature o f 400°C, the strain ing
was continued to  fa ilu re  at the same strain  rate as before.
I t  was decided to age specimens in s itu , rather than in another 
furnace, in order to improve rep rodu c ib ility , as the changes in 
stress measured before and a fte r  ageing were small compared with the 
background stress ( i . e .  the prestra in  s tress ). Furthermore the 
f r a g i l i t y  o f the specimens used and the p o s s ib ility  o f misalignment 
involved in the removal and re insertion  o f specimens fo r  ageing 
made i t  essen tia l to carry out ageing in s itu . Although the apparatus 
was designed to fa c i l i t a t e  rapid heating and cooling o f specimens, 
ageing which took place durhg heating became s ign ifican t fo r  very
90,
short.ageing times. Corrections were therefore applied to the
nominal ageing times to allow fo r  th is , based on a formula due
. a . (184)to Armstrong' 7:
t *  = RT2/SQ   (46)
where T is  the ageing temperature,
R the gas constant,
S the heating rate,
Q the activa tion  energy o f the ageing process and,
t *  is  the time at the ageing temperature to which the 
heating period is  equivalent.
The assumption was made that a s ingle  ageing phenomenon was
operative, obeying an Arrhenius equation. This assumption w i l l
be discussed in Section 7.2.2* A further assumption was that the
heating rate was constant. Since th is was only approximately true
in the present case, the values o f  S used were those close to the
ageing temperature as i t  is  in  th is  region that the correction  is
most s ign ifica n t. The value o f  Q used was 60 kcal/mole, obtained
from an Arrhenius p lo t (as in section 7 .2 .2 .) o f  uncorrected ageing
time. Table 5 shows the values o f  t *  calculated using equation (46)
fo r  heating to the ageing temperatures employed in strain-ageing
treatments.
TABLE 5
Heating-up time correction  to ageing times
Ageingotemperature
< w s .C/mm.
» t *  
mins.
550 2 2 .2 1 . 1 0
602 2 1 . 8 1.26
654 2 0 .8 1.49
700 20 1.70
752 17 2.23
800 14.7 2.82
Internal fr ic t io n  measurements from room temperature up to
O •930 C were carried  out using a Ke type torsion  pendulum operating
at a frequency in the region o f 1 Hz. The pendulum is  shown
diagrammatically in F ig . 2 2 . The same problems occurred in the
gripping o f specimens as in the case o f ten s ile  tes ts . I t  was
found d i f f ic u lt  to  assemble a torsion  pendulum consisting o f a
tungsten specimen using e ither welding or d irect gripping o f the
wire* The d i f f ic u lt y  was overcome by butt-welding 0.040 in .
diameter n ickel wire onto tungsten* The n ickel could then be
firm ly  held between grips without any danger o f b r i t t le  fractu re
o f the specimen inside the grips . F ig . 23 illu s tra te s  th is
arrangement in which the to ta l length o f n ickel w ire protruding
from the grips was about 0.05 in . ,  i . e .  a small fra c tion  o f the
6 in . long specimen.
The complete in ternal fr ic t io n  apparatus, including the
furnace and vacuum system, is  shown in F ig . 24. In th is apparatus
the upper grip  was held r ig id ly  in the centre o f a v e r t ic a l sta in less
—5s tee l furnace tube which was evacuated to a pressure o f 2 x 1 0 ~
to rr . Soft iron weights at each end o f the torsion  bar comprised
the o s c illa t in g  mass o f  the pendulum, the o sc illa tio n s  being
excited  by symmetrically placed electromagnets outside the vacuum
system. The frequency o f the pendulum could be varied by
changing the mass o f the iron weights. O scilla tion s o f the
r
pendulum were am plified  by an op tica l leve/ which was adjustable 
to e ith er o f two fix ed  lengths, perm itting surface stra in  amplitudes
•m Q *+A.
o f  between 10 and 10 The motion o f the lig h t  beam was fo llow ed 
mechanically using a p h oto -e lec tr ic  response, and recorded as a 
function o f time. In ternal fr ic t io n  ( 6 ) was measured from the
"5.4 internal  friction measurements
9 2 .
Fig, 22 Diagram of torsion pendulum
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F ig , 24. Complete in ternal f r ic t io n  apparatus (o v e r le a f)

6 = ( 1/N) In (Ao/An) , .................. (47)
where Aq is  the in i t ia l  amplitude, and
the amplitude a fte r  N cycles
F ig . 25 shows a typ ica l trace from a specimen showing strong
damping. The residual damping o f the apparatus at 20°C under
vacuum and using an o i l  damper to elim inate la te ra l vibrations
-5 .was less than 6 = 1 x 10  as th is  was the lowest value measured 
in th is work.
The temperature o f the in ternal fr ic t io n  apparatus was 
controlled  by means o f a saturable-core reactor, and a steady 
heating rate o f up to 15°C/min could be maintained automatically* 
A lte rn a tiv e ly , in order to make dampihg measurements during 
isothermal annealing, the maximum heating rate o f 25°C/min. 
was used, and the specimen held at a steady temperature without 
overshoot fo r  a period o f up to one week. The temperature was 
measured using a Chromel - Alumel thermocouple ca lib rated  to an 
accuracy o f 1°C. The measuring couple was situated about 0.1 in . 
from the specimen, and 1 in . below the upper grip . The temperature 
gradient along the 6 in* long specimen was less than 3°C at 
temperatures above 2 0 0°C.
decay in amplitude of free vibrations, using the equation;
9 7 .
Fig. 25. Typical in ternal fr ic t io n  trace.
6.1 MECHANICAL PROPERTIES
A number o f vacuum annealed specimens (see section  5.2 (a ) )
-3were ten s ile  tested using a s tra in  ra te o f 1  x 1 0  / s ec ., at 
temperatures between 100° and 800°C. These specimens normally 
exh ib ited  a smooth stress-stra in  curve without a discontinuous 
y ie ld  point (F ig . 26a). The U .T.S ,, proportional lim it and % 
elongation at fractu re o f the annealed material are p lo tted  against 
tes t temperature in F ig . 27. From th is  figu re  i t  is  apparent that 
U.T.S. and proportional lim it  decrease with increasing temperature, 
while a maximum at 400°C is  evident in  the band o f d u c t il ity  resu lts .
About 10% o f the specimens annealed in vacuo exh ib ited  marked 
discontinuous y ie ld  points when tested  at 400°C (F ig . 26 b ).
Chemical analysis fa i le d  to revea l any measurable d ifferen ce  in the 
carbon contents o f the two groups o f specimens, i . e .  those with and 
those without discontinuous y ie ld  poin ts. Furthermore, replacement 
o f the vacuum anneal by anneals in atmospheres containing possib le 
contaminants, i . e .  hydrogen, n itrogen, water vapour, and d iffu s ion  
pump o i l ,  fa i le d  to produce any s ign ifica n t change in the 
apparently random occurrence o f discontinuous y ie ld in g . A l l  the 
specimens tested  exh ib ited  e ith er smooth y ie ld in g  or a very large 
discontinuous y ie ld  po in t.
A large number o f specimens were carbon-doped to concentrations 
o f 30 ppm or more as described in  section  5.2 ( c ) .  Without exception, 
these specimens exh ib ited  a marked y ie ld  point drop when tested  at 
400°C (F ig . 26 b ). Tests conducted at increasing temperatures 
showed a decreasing y ie ld  point drop, which was absent 
a ltogether at temperatures above 950°C. A fu rther feature o f these 
tes ts  was the presence o f serrated p la s t ic  flow  at tes t temperatures
98.
6. RESULTS
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above 800°C. The serrated * tr e s o -s tra i»  curves were observed in 
carbon-doped epeclsiens only. This phenomenon is  reported in 
greater d e ta il in  section  6.2 ,4 .
F in a lly , a number o f ten s ile  tests  were conducted on carbon- 
fre e  specimens (section  5.2 ( b ) ) .  A l l  such specimens exhib ited 
smooth y ie ld in g  (F ig . 26 ( c ) ) ,  and the U.T.S. and proportional 
lim it were lower than those fo r  the vacuum annealed m aterial.
Sim ilar resu lts were obtained fo r  specimens annealed in a ir  instead 
o f oxygen.
6.2 STRAIN-AGEING
6,2*1 Carbon-doped specimens
F ig . 28 shows a typ ica l s tress-stra in  curve fo r  a strain-aged 
specimen, which had been carbon-doped to 30 ppm carbon and vacuum 
quenched. Following a prestra in  o f 5,6% at 400°C, the specimen 
was unloaded, aged fo r  109 mins at 700°C and then strained to 
fractu re at 400°C. The e f f e c t  o f the ageing treatment was 
investigated  by conducting sim ilar tes ts  on a ser ies  o f id en tica lly  
prepared carbon-doped specimens using various ageing times, at 
temperatures o f 550°, 602°, 654°, 700°, 753°,\arid.800°C. The ageing 
times were corrected to  allow  fo r  ageing which ‘occurred during 
heating to , and cooling from, the ageing temperature using 
equation (46). Two parameters, and were employed to
measure the extent o f stra in -ageing, these being equal to 
(cf - q_ )/<? and (o  - o  ) / a  respective ly  where o  , a  are theU p p  L r P P U L
upper and lower y ie ld  stresses respective ly  a fte r  ageing, and cfP
is  the prestra in  stress. The resu lts are p lo tted  against ageing 
time to the 2/3 power in F ig . 29 (a t 550°, 602° and 654°C) and 
F ig . 30 (at 700°, 752°, and 800°C) and are tabulated in  Table A . l  
(Appendix A ). The figu res  show that q u a lita t iv e ly  and / \  L
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I t  is  evident that both ZVU and L (F igs. 29 and 30) mainly
increase with ageing time, and do so more rap id ly w ith increasing
ageing temperature, as is  normally observed during stra in -ageing.
At a given temperature the fo llow in g features are apparent from
these figu res . Specimens re-stra ined  immediately a fte r  unloading
had and equal to zero and showed no y ie ld  point drop.
However, specimens aged fo r  just a few minutes at the lower ageing
temperatures, y ie lded  at a stress below the prestra in  stress , a lso
without a y ie ld  point drop. A typ ica l s tress-s tra in  curve
exh ib iting th is type o f behaviour is  shown in F ig , 31. In such
cases, in order to ca lcu late and the upper and lower
y ie ld  stresses were taken as equal to  the stress at which y ie ld in g
re-commenced (see F ig . 31). The region in which and
decreased with ageing time was designated stage I  (see F ig . 32 ).
With increasing ageing time, stage I  was fo llow ed by a region in
which an increasing y ie ld  drop was observed, where and ^  L
becaW© p os it iv e  and increased very rap id ly (stage I I  in F ig . 32).
2  / 3Further agding caused the p lo ts  o f and ./V> L vs. t  (F igs . 29
and 30) to be lin ear fo r  a considerable period (stage I I I ) , w ith a 
smaller slope than stage I I .  F in a lly , at long ageing times 
deviation  from lin e a r ity  was observed in F igs. 29 and 30, with 
£\U and passing through maxima and then decreasing with 
further ageing (stage IV in F ig . 32).
E ffec t o f carbon content
In order to examine the e f fe c t  o f carbon content on the stra in - 
ageing behaviour, a few specimens were doped to 90 ppm carbon and 
vacuum quenched. Isothermal strain-ageing was carried  out at
105.
behave in the same way during ageing. Because of this the variations
106.
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602°C and the values o f U and /\ L, are given in Table A.2,
2/3
In F ig 33 AU and A L are p lo tted  against (ageing time) , 
together with these parameters fo r  specimens containing 30 ppm 
carbon aged at the same temperature* A comparison o f these 
resu lts shows the d ifferen ce  to  be n eg lig ib le *  A few tests 
were a lso conducted on vacuum annealed specimens (1 0  - 2 0  ppm carbon) 
which showed a discontinuous y ie ld  po in t, (see section  6 . 1 ) and in 
th is case also the rate o f increase o f and /VL was 
indistinguishable from that exh ib ited by the 30 ppm specimens.
6.2.2 E ffec t o f quenching rate
In order to  in vestiga te  the e f fe c t  o f quenching ra te , 
specimens doped with 30 ppm carbon were subjected to  fa s te r  
(hydrogen quenched) or slower cooling rates than the vacuum quenched 
specimens described in section  6 ,2 .1 . Strain-ageing resu lts fo r  
the hydrogen quenched specimens at ageing temperatures o f 550°,
602°, 654°, and 700°C are p lo tted  against (ageing tim e^2^ 3  in  
F ig . 34 and given in  Table A .3. I t  can be seen that the stages 
designated I  and I I  (F ig . 32) are barely d iscern ib le  from the 
experimental sca tte r9 the lin ear stage I I I  commencing almost at 
the o r ig in .
Table A .4 and Fig.  35 present strain-ageing resu lts  fo r  the 
batch o f slow-cooled specimens, aged at 654°C. Also reproduced 
in F ig . 35 are the ageing curves at the same temperature fo r  the 
vacuum quenched and hydrogen quenched specimens. The figu re  shows 
that stages I  and I I  are very prominent in the slow-cooled specimens, 
while a comparison o f the three curves shows that the o ve ra ll ra te 
o f strain-ageing increases considerably w ith increasing cooling rate 
a fte r  annealing.
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6.2.3 Carbon-free specimens
A batch of *fcarbon-free" specimens was strain-aged in the same
manner as the carbon-doped specimens. A typical stress-strain
curve is shown in Fig. 36, and since no discontinuous yield points
were observed with any of these specimens, either before or after
ageing, ,/^ U was taken to be the difference between the prestrain
stress and the proportional limit after ageing, divided by the
prestrain stress (see Fig. 36). The results are plotted against 
2/3(ageing time) in Fig. 37 and given in Table A.5. It can be 
seen that was always negative for these specimens and rapidly 
attained a limiting value during ageing, which decreased with 
increasing annealing temperature. The curves of Fig. 37 are to be 
compared with those of Figs. 29 and 30.
6.2.4 Dynamic strain-ageing
The stress-strain curves during the tests described under
sections 6.2.1, 6.2.2, and 6.2.3, were normally smooth, apart from
the discontinuities at the yield points. However, a series of
tensile tests (without ageing) on carbon-doped specimens at higher
temperatures showed that this was not always so. Fig. 38 shows
the effect of test temperature, from 480° to 914°C, on the stress-
-5strain curve at a strain rate of 5 x 10 /sec. for vacuum quenched 
specimens containing 30 ppm carbon. This series of curves exhibits 
the following features with increasing test temperature:
(a) The upper yield stress, and the yield point drop decrease 
and at 914°C are absent altogether.
(b) The work hardening rate (i.e. slope of the curve) at 
small plastic deformations increases.
(c) Serrations in the flow curve appear at 679°C, becoming 
very prominent at 800°C and then lower in amplitude but 
more frequent at 914°C.
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A similar series of tests on carbon-free specimens produced
smooth stress-strain curves with none of these features. In
another series of tests on carbon-doped, slow-cooled specimens,
the features (a) and (b) only were observed, the latter being
less pronounced than in vacuum quenched specimens.
Further tensile tests were carried out at temperatures between
600° and 1,000°C on carbon-doped (30 ppm), vacuum quenched,
—5 -3specimens, using strain rates between 5 x 10 and 3 x 10 /sec.
The maximum height of serrations in p.s.i. at 5% plastic strain 
was measured for each test and tabulated in Table A , 6 for 
different strain rates and temperatures. The strain rates used 
are plotted on a logarithmic scale in Fig, 39 against reciprocal 
of absolute temperature in order to test equation (2 0), which 
predicts that such a plot should be linear for serrations of 
constant height. Accordingly, in Fig, 39 the height of serrations 
is shown for each point plotted, and the lines drawn join points 
of equal serration height. The straight line joining points at 
which serrations were just observable dflineates conditions of 
temperature and strain rate for the onset of serrations. It was 
found that the positions of the lines, particularly at temperatures 
above 800°C, were displaced to higher temperatures by holding the 
specimens at the test temperature for 30 mins before testing.
Since a short period was needed to stabilise the specimen 
temperature before testing, the length of this period was 
standardised at 5 mins throughout these tests.
6.3 INTERNAL FRICTION
6.3.1 Preliminary Investigation
As described in section 5.4, the only reliable method of 
mounting internal friction specimens was by welding nickel end- 
pieces to the tungsten wire, the end«pieces then being tightly
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Fig. 39 Conditions under which serrated flow is 
observed in carbon-doped tungsten
held in grips. The following experiment was conducted in order 
to determine the possible contribution of the end-pieces to the 
measured internal friction at various temperatures.
Two identical internal friction specimens (’A 1 and ’B’) were 
first prepared, these being of carbon-doped annealed material 
since this exhibited the lowest damping measured in this work 
(see section 6.3.2), Specimen A was then welded directly onto 
0.13 in diameter stainless steel rods which replaced the upper 
and lower grips, and extension rods, in the torsion pendulum 
(Fig,22), Amplitude independent internal friction measurements 
were then carried out at temperatures between 20° and 930°C, 
during heating and cooling at 2°C/min. Specimen B was mounted 
in the normal way (as described in section 5.4) and a similar set 
of measurements made. The results are shown in Fig. 40 where 
internal friction is plotted against temperature for specimens 
A and B. Curve C in this figure shows the residual internal 
friction after subtracting curve A from curve B. As shown by 
curve C, the difference between curves A and B is very small, but 
measurable peaks are present on heating at temperatures of 650° 
and 880°C. The internal friction shown by curve C was considered 
to be due to the nickel end-pieces used to mount specimens in the 
torsion pendulum. All the internal friction curves reported in 
this work have been corrected for this damping.
6,3.2 Annealed material
Internal friction* measurements were made during heating 
(2°C/min) and cooling of carbon-doped and undoped materials in 
the recrystallised, vacuum quenched condition. Fig. 41 shows the
* All measurements in the present work refer to amplitude
independent internal friction, and vacuum quenched specimens, 
except where otherwise stated.
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materials, displaying the following features. The logarithmic
—4decrement of the undoped material is of the order of 100 x 10 
and does not vary much with temperature on heating. Two peaks 
are apparent, at temperatures of about 180° and 420°C, and the 
damping increases slowly as the temperature is increased above 
600°C, However, when measurements were made on identically prepared 
specimens, these peaks were found to be completely irreproducible 
both in the temperatures at which they occurred, and in their
heights* The overall level of damping also varied, from about
—4 —420 x 10 to 150 x 10 . Similar irreproducible results were
obtained from internal friction measurements made on heating
annealed, carbon-free materials.
The heating curve for a carbon-doped specimen (Fig,41) showed
good reproducibility, and the following features. The logarithmic
-4decrement at room temperature was low (1*5 x 10 ) and initially
-4independent of temperature. A peak of height 5 x 10 was apparent 
at 410°C (termed peak X), and with further increase in temperature 
the damping increased rapidly.
The internal friction measurements made during cooling from 
910°C for both the carbon-doped and undoped specimens were almost 
identical with the heating curve for carbon-doped material, but 
with the absence of peak X (Fig.41).
On another carbon-doped specimen internal friction measurements 
were carried out up to 430°C (a temperature just above the. peak 
temperature of peak X) and then on fast cooling from that 
temperature. Fig. 42 shows the internal friction curves obtained, 
from which it can be seen that the peak X was present in the 
cooling as well as the heating curve but with a reduced height•
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Fig* 43 shows the internal friction curves obtained on heating 
specimens of carbon-doped and carbon-free tungsten after 5 , 6 %  
deformation,, A faster heating rate of 10°C/min. was used for 
these measurements because, as described later in this section, 
the damping was annealed away during heating. However, at the 
constant heating rate used, these measurements were reproducible, 
as was tiie case with all measurements on deformed specimens. 
Considering the curve for the carbon-doped specimen, a small peak 
is still visible in the region of 43.0°C and a much larger one
(peak Y) appears at 580°C. The overall level of damping is much
higher than in the same material before deformation (Fig*41)*
Both these peaks are absent in the curve for carbon-free tungsten 
(Fig. 43), but there are two other peaks ptesent, one at 150° and 
the other at 340°C. These peaks are absent in the curves (Figs.
43 and 44) of tungsten containing carbon and are therefore not 
considered further here.
The effect of deformation, up to 5,6% plastic strain, on the 
internal friction of carbon-doped tungsten is shown in Fig. 44.
The effect on the heating curves is that both the ’background 
damping’ and the height of peak Y increase with increasing degree
of deformation. The small peak X also appears to increase
slightly, particularly after higher degrees of deformation. As a 
result of the heating cycle to 950°C the peaks X and Y are 
completely removed, and the background damping considerably 
reduced (Fig.44). On rapid cooling from a temperature just above 
the peak Y (620°C) there was no indication of the presence of 
peak Y (Fig. 45). The large differences between the heating and 
cooling internal friction curves are due to the annealing away 
of the damping during heating.
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In Fig. 46 are shown two internal friction curves measured 
at different frequencies. From the figure± it is apparent that 
the curve obtained at the higher frequency (2.23 Hz.) has been
shifted to higher temperatures as compared with the curve
measured at the lower frequency (0,47 Hz*). Fig. 47 shows in more 
detail the internal friction curves on heating, in the region of 
peak X. Exponentially rising background damping (equation 37) has 
been fitted to the curves on either side of the peaks in order to 
obtain more accurate peak temperatures after background subtraction. 
The peak temperatures (peak X) are shown to be 414 and 441°C for 
frequencies of 0.47 and 2*23 Hz. respectively, thus the temperatures 
of peaks X and Y have been shifted by 27°C and less than 5°C 
respectively, as a result of the frequency change. These measurements
were repeated on a number of specimens and found to be reproducible
within experimental error.
6.3*4 Deformed material (isothermal measurements)
As shown in section 6.2.2, the damping measured in deformed 
materials was annealed away during heating. The kinetics of decay 
were investigated by heating 5.6% cold-worked specimens at the 
maximum available rate (25°C/min) to temperatures in the region of 
Peak Y and taking isothermal measurements during periods of up to 
one week. The results for carbon-doped specimens are plotted in 
Figs. 48 and 49, (and given in Table A.7) as logarithmic decrement 
versus ageing time (for short times) and ageing time to the two- 
thirds power (for longer times) respectively, for five ageing 
temperatures. Fig. 50 (and Table A.8 ) show the results at three 
ageing temperatures for carbon-free specimens. These are plotted 
against ageing time to the two-thirds power to enable a comparison 
to be made with Fig. 49. All the results show the damping to
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initially, and tends to zero when about 80% of the deformation induced
damping has recovered,.- However, unlike the decay curves for the
carbon-free specimens (Fig. 50), those for the carbon-doped specimens
(Fig. 49) are markedly influenced by the temperature of ageing. Also,
the decay of damping in the carbon-doped specimens is linear (Fig. 49)
for significant periods of ageing, whereas the curves for carbon-free
specimens have no regions of constant slope in a similar plot (Fig.50).
6,3.5 Deformed material (amplitude dependent damping)
The measurement, at high temperatures, of logarithmic decrement
as a function of oscillating strain amplitude was also complicated
by the time dependence of the damping. It was thus decided to conduct
internal friction measurements on the same specimen during heating
(10°C/min) and cooling at three different strain amplitudes* The
results are shown in Fig, 51 for a specimen strained to 2.3% and
*■6oscillating strain amplitudes of 2 x 10~ , 7 x 10’*' and 9 x 10*” •
It is evident from the figure that the curves at the two lowest strain 
amplitudes are almost coincident and therefore comprise solely 
amplitude independent damping. The amplitude dependent damping at 
a given temperature is given by the difference between the lower 
and higher curves of Fig. 51. The result of this subtraction is 
shown in Fig. 52 which gives the amplitude dependent damping, at a 
strain amplitude of 9 x 10 , as a function of temperature as
measured on heating and cooling. It can be seen that a small 
increase in amplitude dependent damping occurs on heating to 500°CS 
and is followed by a considerable decrease during further heating 
to 800°C, above which temperature there is little further change. 
During cooling there is a low maximum in damping at about 700°C, 
and the damping then falls to a very low value at room temperature.
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7. DISCUSSION
7. i THE DISCONTINUOUS YIELD POINT
The variations in mechanical properties with test temperature
shown in Fig. 27, obtained on wire specimens, are similar to
those obtained by other workers^85  ^on bulk specimens (Fig. 7).
This indicates that direct gripping of wire specimens has a
negligible effect on the mechanical properties of tungsten.
Direct comparisons can therefore be made between the present
results and those of previous investigations.
Marked discontinuous yield points are a common feature of
BCC metals containing elements forming interstitial solid solutions,
due to the ability of such elements to partially or completely
(52)immobilise the dislocations at which they segregate . The 
present results (section 6.1 ) show that;
(a) Discontinuous yield points were never observed in 
specimens which were purified of carbon by annealing 
in oxygen, and always observed in specimens which were 
doped with carbon to concentrations of 20 ppm or more.
(b) The attempted doping of tungsten with other elements 
forming interstitial solid solutions (i*e. oxygen, 
nitrogen, and hydrogen) failed to induce the discontinuous 
yield point.
The observations (a) and (b) demonstrate that the discontinuous
yield points observed in the material of the present work were due
to the pinning of dislocations by carbon. This conclusion is in
agreement with previous work in which carbon was shown to cause
a yield point drop in tungsten^90*95  ^ (section 3.4.2). However,
it requires some explanation that in the present results (and
(90 95)those of Stephens' 9 7)a carbon content of 10-20 ppm is required
136.
for this phenomenon to occur. This concentration amounts 
to 150-300 atomic ppm, so assuming a dislocation density 
(as annealed) of about 1 0 8 lines/cm2 ^9 7 ’ 1 8 5 \  there should be 
sufficient carbon present to saturate the dislocations to a 
density of 2,000 atoms per atom plane of dislocation. Such a 
density is two to three orders of magnitude greater than the 
dislocation atmosphere density commonly thought sufficient to 
cause extensive locking^5 3 1 6 1 * 83^. It is also interesting to 
note that in all the specimens tested, the yield point drop 
was either large (Fig. 26(b), indicating strong dislocation 
pinning, or completely absent (Fig. 26(a)) indicating negligible 
pinning.
The absence of the discontinuous yield point in specimens 
containing less than about 20 ppm carbon, and its sudden appearance 
at a slightly higher carbon concentration, may be caused by the 
presence of other impurity elements in the material. It is known 
that the presence of strong carbide and nitride formers can suppress 
the yield point drop in niobium^188^. With reference to the 
present case, many of the refractory metals (e.g. titanium, 
zirconium) form carbides which are considerably more stable than 
tungsten carbide, so the solid solubility of barbon in tungsten 
in equilibrium with such carbides may be considerably less than the 
normal solubility (i.e. that in equilibrium with ditungsten 
carbide). This would result in small amounts of carbon, up to a 
certain saturation value, being predominantly combined with the 
impurities and therefore unable to segregate at dislocations.
The saturation value, at which all the impurities are combined 
with carbon, should be of the same order as the impurity content.
Any carbon in excess of this amount, being uncombined, should
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cause discontinuous yielding* This excess need only be of 
the order of 10 1 atomic ppm in order to produce a dislocation 
atmosphere density of 1 atom/atom plane.
A full analysis of strong carbide-forming elements was not 
available for the present material, although significant amounts 
of certain trace elements were known to be present (see Table 3). 
The above explanation, therefore, could provide a possible reason 
for both the absence of a yield point drop for carbon contents 
up to a critical value of the order of 20 ppm, and the presence 
of large yield point drops with very small amounts of carbon 
above the critical value. The observations of strain-ageing 
(section 6.2 ) are also in accord with this explanation, since the 
return of the discontinuous yield point was only observed in those 
specimens which showed yield point drops during prestraining.
7.2 STRAIN AGEING
7.2.1 The recovery process
As shown by Figs. 31 and 36 the stress-strain curves 
obtained by strain-ageing tungsten specimens sometimes differed 
from curves for other BCC metals^8^ 84 ^ in showing negative strain- 
ageing parameters. Such behaviour was observed in carbon-free 
specimens for all ageing times (Fig. 37) and in carbon-doped 
specimens at short ageing times (Fig. 29). It may be attributed 
to recovery of the deformed structure resulting from the prestrain 
rather than a dislocation pinning process. The ageing curves 
exhibited by the carbon-free material, considered to measure the 
path of recovery, are in accord with this suggestion since they 
show recovery to proceed rapidly at the start of ageing and then 
approach a limiting extent which increases with ageing temperature 
above 550°C. Dislocation recovery typically behaves in this
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manner in other materials^8^ ^  and is thus not generally 
characterised by a unique activation e n e r g y T h e  
observations of rapid decay of deformation-induced damping, to 
be discussed in section 7.3.3, also indicate the presence of 
recovery in both carbon-doped and carbon-free tungsten.
Work on tungsten by other authors supports the above findings 
in the following respects:
(i) The existence of dislocation recovery in cold-worked 
tungsten at temperatures above 400°C has been widely demonstrated,
by Nakamura, Weissman and Imura^188  ^ using x-ray and electron
f 97) ( 174)microscopy, by Koo' 7 using optical microscopy, and by Schult2 ' 7
* .(189) 'and Kovacs-Csetenyi 7 using resistivity. Measurements of Kovacs-
/  , QCsetenyi at temperatures above 600 C were qualitatively similar 
to the present measurements of changes in A ®  (Fig. 37), showing 
recovery to be substantially complete after about one hour.
(ii) Stephens and Form^95) also investigated strain-ageing 
in low-carbon tungsten, and attributed the negative values of AcyJL*
observed to dislocation recovery (see Fig. 9 and section 3.4.3), 
However they obtained a small maximum in the plot of &  cr vs. 
ageing time (Fig. 9) which they considered to be due to either 
polygonization or weak dislocation pinning by carbon atoms.
The absence of this maximum in the present work, where the carbon 
content was less than 2 ppm, shows that the latter explanation 
is more probable, since the specimens of Stephens and Form 
contained 8 ppm carbon.
The results of Koo^97  ^and Baird and Hartley^ 9 6 \  (section
3.4.3) in which dislocation recovery was thought to cause yield 
point return, ard not necessarily at variance with the present 
results since:
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(a) These authors aged specimens, at temperatures above 
the highest used in the present work, where a different recovery 
process may predominate.
(b) The possibility that dislocation pinning caused yield 
point return cannot be eliminated because no attempts were made 
to ascertain the effects of impurities present.
7.2.2 Strain-Ageing of carbon-doped Specimens 
General Aspects
As shown in Fig. 28, the effect of ageing carbon-doped, 
prestrained specimens at temperatures above 550°C is to cause the 
reappearance on further straining, of the discontinuous yield point. 
This phenomenon was observed in all specimens exhibiting a yield 
point drop during the prestrain, except after certain ageing 
conditions as discussed later in this section. The specimens, 
on the other hand, which did not exhibit discontinuous yield 
points (Fig. 26a) did not strain-age. The strain-ageing phenomenon 
may be attributed to the presence of uncombined carbon atoms in the 
specimens, for the same reasons as was the yield point drop in 
annealed specimens (section 7,1). The mechanism of yield point 
return is likely to be that proposed by Cottrell and Bilby to 
account for similar observations of yield point return during the 
strain-ageing of steel. This mechanism has been successfully
/ zq AA A7 \applied to the strain-ageing of other impure BCC metals' * 9 '
( 9 5 )and previously suggested by Stephens and Form' '(although without 
quantitative evidence), to account for strain-ageing in tungsten 
containing carbon.
2 /3A u  and /\L have been plotted against ageing time in Figs,
29, 30, 33, 35, and 37, in order to test the applicability of the 
Cottrell-Bilby equation (equation (15)) to the results. As shown
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in section 3.2.4 x her re is so»<i theoretical- ;Jv<sHrification for
the commonly made assumption that the increment A  U is
proportional to the density of solute atoms accumulated at
dislocations during strain-ageing. Thus agreement with the
Cottrell-Bilby theory would be demonstrated by this parameter
2/3being linear with time (at least for short times), the straight
line passing through the origin. This was found to be so for
certain types of specimens as discussed in detail below.
Hydrogen quenched specimens
As shown in Fig. 34, these specimens, having received the
highest quenching rate (Fig. 19), exhibit an increasing value of
A l with ageing time, in good agreement with the kinetics of
(53)Cottrell and Bilby' , up to about 80% of the maximum extent of
strain ageing. Also in agreement with this theory is the observation
that the rate of increase of A l is accelerated by increasing
ageing temperatures. This considerably strengthens the suggestion
that the yield point return is due to the pinning of mobile
dislocations by carbon atoms. The deviation from linearity at
long ageing times has two possible explanations, viz. the increasing
importance of concentration gradients around dislocations (section
3.2.3), or a change in the mechanism of yielding on re-straining
(section 3.2.4).
Vacuum Quenched Specimens
The slower rate of cooling of these specimens (Fig* 19),
following carbon doping, has caused deviation from the straight
forward Cottrell-Bilby kinetics exhibited by the hydrogen quenched
specimens (cf. Figs. 29, 30 and 34), However, the major portion
of these strain-ageing curves (Figs. 29 and 30), i.e. that termed
2/3stage III (section 6.2.1) is still linear in t and therefore
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thought to he caused by Cottrell-Bilby pinning. It seems 
reasonable that the deviation shown in stage IV also occurs 
for the same reason as in the hydrogen quenched specimens. Thus 
the principal effects of the slower quenching rate to be 
explained are:
(i) The presence of stages I and II.
(ii) The fact that an extrapolation of the stage III
line does not pass through the origin (see Figs. 29 
and 30).
(iii) The slower rates of increases of f S  U and </\L during 
stage III compared with those shown by the hydrogen 
quenched specimens.
The effects (i)-(iii) were all observed at constant carbon 
concentration. However, it was also shown that:
(iv) Increasing the carbon content, over the range from
20 to 90 ppm had practically no effect on the ageing 
curves, producing a slight decrease in the rate of 
yield point return (Fig. 33).
The processes involved in stages III, I and II (see Fig. 32) 
will now be examined in turn, in more detail.
Stage III
Observations (iii) and (iv) may be explained as follows 
It can be seen from the equilibrium diagram (Fig. 1) that 
carbon contents up to at least 90 ppm should be completely in 
solid solution at the annealing temperature (2,200°C). However, 
the results of Gebhardt et al^4 ,^ and Krautz et al^25  ^ indicate 
that the solubility at 1,000°C is less than 1 ppm. It is therefore 
possible that some tungsten carbide may precipitate during the 
early part of the quench, until a critical temperature is reached,
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at which the diffusivity is too small to allow further segregation 
of carbon atoms. The concentration of carbon in solid solution 
after the quench would then equal the equilibrium terminal 
solubility at the critical temperature. Any carbon doping to 
amounts beyond this terminal solubility would have little effect on 
the final solution content, the excess being precipitated early 
in the quench. In fact, it might be expected that large additions 
of carbon could actually decrease the final dissolved carbon 
content, by reducing the diffusion distance needed for carbon to 
precipitate, thus lowering the critical temperature at which 
dissolved carbon is "quenched-in". On the other hand, an increase 
in the quenching speed for a given carbon content would increase the 
critical temperature by allowing less time for diffusion, hence 
"quenching-in" more carbon. The effects of the above situation 
during quenching may therefore be summarised:
(a) Carbon doping beyond a certain value should have 
no effect on, or cause a slight decrease in, the 
solid solution concentration of carbon at the end of 
the quench.
(b) Increasing the quenching rate should increase the 
amount of carbon retained in solution.
The Cottrell-Bilby equation (equation (15)) predicts a rate 
of accumulation of solute atoms at dislocations which is proportional 
to the initial solute concentration. If this is obeyed in the present 
case it is apparent that the observations (iii) and (iv) are 
qualitatively in accord with the expected effects, (b) and (a) 
respectively, of carbide precipitation during quenching. Even the 
vacuum annealed and quenched specimens showed a rate of yield point 
return equal to that of the 90 ppm carbon specimens (section 6.2.1),
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despite the fact that they contained at the most a few ppm free 
carbon (as discussed in section 7.1). This indicates that equilibrium 
was maintained during quenching, to temperatures at which the terminal 
solubility was less than this value, i.e* in the region of 1,000°C or 
less.
It is now possible to account for the other observations to a 
certain extent, in particular (i) and (ii) referred to on p.142.
Stage I
The negative values of A U obtained in carbon-free specimens 
were attributed in section 7*2.1 to dislocation recovery. It is 
therefore reasonable that such recovery accounts for stage I (Fig.29) 
in the carbon-doped vacuum quenched specimens. As might be expected, 
it occurs only for a short period, i.e. when interactions between 
dislocations, being the driving force for recovery, are still 
relatively strong compared with carbon pinning effects. Presumably 
once the recovering dislocations have slowed sufficiently to be 
captured by the attracted carbon atoms, the recovery is rapidly 
arrested by carbon pinning.
Stage II
It is apparent that the experimental results of Figs.29 and 30
cannot be accounted for simply in terms of dislocation recovery
(stage I) followed by pinning of the recovered structure according
to the Cottrell-Bilby equation (stageill), since this would result
2/3in a curve A l  vs. t of the type shown in Fig. 53. It may be
noted here that strictly, the line for stage III should be slightly
2/3curved at short times, since the linearity in t is assumed to
begin at the end of recovery and not at t=0. However, this effect
is small. As shown in Fig. 53 a negative A  L intercept of the
2/3extrapolated line of stage III should, therefore, occur at t =o
144.
1 4 5 .
cn\
CM
I•HH
O
TV
Fi
g.
 5
3. 
Di
ag
ra
mm
at
ic
 
re
pr
es
en
ta
ti
on
 
of 
ch
an
ge
s 
in 
AL 
du
ri
ng
 
st
ra
in
-a
ge
in
g 
in 
the
 
ab
se
nc
e 
of 
sta
ge 
II
.
rather than a positive one as shown by the results of Figs* 29 and
30o There must consequently exist a further effect, not yet taken
into account, leading to a positive increment in A  L, and
occurring in the region termed stage II. Further evidence for the
existence of this effect is provided by the fact that for certain
ageing treatments (particular 6 { t2 0 3^2O at 602°C) the vacuum
quenched specimens show larger values of A  L than the hydrogen
quenched ones (Figs. 29 and 34).
The following possible explanations could account for the
existence of stage II in vacuum quenched specimens:
A Dislocation pinning by carbon atoms occurs initially more
2/3rapidly than in t . There appear to be two possibilities 
here:
(i) The kihetics of migration to non-randotn groups of 
dislocations (i.e. the recovered structure) differs from 
that proposed by Cottrell and Bilby. This possibility was 
suggested in the theoretic?.'*, work by Li^19<"^ , and thought
by M c L e n n a n t o  explain two-stage strain-ageing in steel.
(ii) The final position at which the recovering dislocations 
come to rest is influenced by their attractive interactions 
with carbon atoms and precipitates. By this means a certain 
degree of pinning could occur even before the carbon atoms move.
B The assumption that A L  and A U  are proportional to the number 
of carbon atoms accumulated at dislocations is not true for 
a non-random (i.e. recovered) dislocation structure. This 
possibility was indicated by Li^190 ,^ and was suggested by 
Almond and Hull^191* 3.92) explain the effect of stress on 
strain-ageing.
C Another impurity than carbon contributes to dislocation
146 .
pinning in stage IX,'e.g. as suggested by Hartley arid Wilson
(165) to explain two-stage strain-ageing in molybdenum.
D Snoek ordering of carbon atoms in the vicinity of dislocations
contributes to hardening in stage II, as was suggested to
account for a similar stage in the strain-ageing of iron^79* 193)^
Of these suggestions, D is unreasonable since such an effect
should be more pronounced in specimens quenched at a faster rate,
where in fact stage II is absent altogether (Fig.34). It is also
incompatible with the short relaxation time of Snoek ordering at
this temperature (section 7.3.1). C also need not be considered
further, again because of the absence of stage II in hydrogen
quenched specimens, and also because carbon was the only impurity
found to cause the yield point, which reappeared during strain-ageing
(see section 7.1, and "General aspects" of this section).
In order to distinguish between A and B, a plot was made of the
2/3yield point drop (A U- A L) against ageing time for vacuiim
quenched specimens (Fig. 54) (va3.ues have been taken from Table A.l).
It is difficult to justify this plot mathematically on the basis of .
the Hahn theory (e.g. as performed by Bergstrdm^80  ^ for the plot 
2/3A U  vs. t ) because of the complicating factor of dislocation
multiplication occurring during the yield point drop after strain-
ageing. However, it is evident that this plot would eliminate any
strengthening or softening effects which, being additive to the
effects of pinning, affect A U  and A  L equally. Fig. 54 shows a
2 /3straight line relationship between (Au- A l) and t for each
ageing temperature. Also the lines intercept the time axis at small
positive values (tQ) which increase with decreasing ageing temperature.
This is exactly the behaviour which would be expected if the extent of
2/3stage III were being plotted against t • , t representing the time
147.
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elapsing before dislocation recovery slows sufficiently for 
pinning to occur. The indication therefore is that both the stage I 
(recovery) and stage XI (A or B above) processes affect the values 
of A u  and A  L by equal amounts. Because of this, it is possible 
to represent A  U and A l by the equations:
A u  = K t2 7 3 + £ (t)   (48)
A l  = KLt2 / 3  + f(t)   (49)
where t is the ageing time,
IC , are constants, being the slopes of stage III for the
2 / 3graphs A  U and A  L respectively against t , and
f(t) is an unknown function of t representing the effects of
stages I and II.
Equations (48) and (49) must be valid in order that (&U-AL) may be
2/3a function of t only, viz. (from equations (48) and (49)):
A u -  A l  = (k -i<_)t2 / 3    (50)ll Lt
as shown in Fig; 54.
The explanation A for stage II qpears to be incorrect since
dislocation pinning (at least of the type prevalent in stage III)
affects A U  and A  L in the ratio K to L .  Thus if A were correct,u L '
equations (48) and (49) would be replaced by:
A  U = K t2^ 3 + K f'(t) u u ' 7
A l  -  KLt 2 / 3  + KLf '  ( t )
2/3and (Au-AL) would not be linear with t •
It is impossible to prove conclusively, on the basis of the 
present results, that the remaining explanation B is correct,
However, it appears to be reasonable on the basis of work by 
Almond and Hull^ 1 9 1 9 These authors found that the presence
of a stress during strain-ageing affected A U  and A  L by approximately
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equal amounts, which did not change markedly with ageing time.
This was particularly true for tantalum (Fig.4 of ref.191), and also 
for iron under certain conditions (Figs* 3 and 4 of ref. 192).
There is thus a similarity between the effect of maintaining a stress 
on a specimen during strain-ageing, as determined by Almond and Hull 
and the present effect associated with dislocation recovery 
preceding pinning. Almond^192  ^ suggested that dislocations are more 
difficult to move when they are aged in non-random groups, and such 
an explanation could therefore account for stage II.
Slow-cooled specimens
The strain-ageing results obtained on slow-cooled specimens 
(section 6.2.2. and Fig. 35) appear to be in accord with the 
explanations given for the stages I to IV in the previous section* 
Thus the rates of increase of A  U and A  L are lower than in vacuum 
quenched specimens, due to the smaller amount of dissolved carbon 
retained during quenching. The slower pinning during ageing also 
allows more recovery to occur, as shown by the relatively extensive 
stage I.
It is interesting to note that the ageing curve for slow-cooled 
specimens is very similar in form to the curve obtained by Stephens 
and Form^95  ^ (Fig. 9), who appear to have used similarly prepared 
specimens•
Summary
Fig. 55 summarises the qualitative analysis of the curves
o /oof A U  or A L  against (ageing time) for vacuum quenched specimens. 
In this figure the contributions (I)-(III) to A  L or A u  &re 
considered to be additive resulting in the experimental curve, 
the component curves being
150.
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(I) Dislocation recovery 
(II) An "interaction curve", showing the strength 
increment due to the dislocations which are 
pinned having first recovered.
(Ill) Cottrell-Bilby type carbon migration to 
dislocations•
A  2 / 3It is suggested that a plot of (A  u- A  L) against t
represents better the accumulation of carbon at dislocations than
2/3do the plots of A U  or A  L against t .
7.2,3 Activation energy for yield point return
As shown earlier in this section, some of the yield point 
return measurements were in good agreement with the Cottrell-Bilby 
equation, i.e.
Nt = no3(ir / 2 ) 1 / 3  (ADt/kX) 2 / 3   (15)
where D, the diffusion coefficient of the impurity diffusing to 
dislocations, is given by D = Dq exp (-Q/RT) 
with Q being the activation energy for diffusion.
Rearranging equation (15), and substituting for D:
t/T = (Nt/3no ) 3 / 2  (2/tT ) 1 / 2 (k/ADQ) exp (-Q/RT) ..... (51) 
Putting C = (N^/3no ) 3//2 (2/n*)1//2 (k/ADQ) and taking logs:
log (t/T) « log C - 0.4343 Q/RT   (52)
For a constant value of C (i.e. constant N^), the slope of the 
graph log (t/T) against l/T will be 0.4343 Q/R, from which Q may 
be found.
Fig. 56 shows such a graph, in which lines are plotted for 
different values of C, confirming the linear relationship of 
equation (52). The points plotted in this figure (given in 
Table A.9) were read off from the lines in Figs,29, 30 and 34 
for constant values of A L  or (&U - AL) listed below. Values 
of Q computed by linear least squares analysis are also given
1 5 2 .
Temperature, C
1 5 3 .
Fig. 56. Activation energy for yield point return at 
various stages of completion.
below, together with the error limits calculated for a 95%
confidence factor.
(i) For vacuum quenched specimens (Figs, 29 and
30) at A l = 0.07, Q = 59.1 + 3 kcal/mole. A
large value of A  L, still within the linear
region (stage III) was taken in order to obtain
accurate values of t at the higher temperatures,
and to avoid the influence of stages I and II as
far as possible.
(ii) For vacuum quenched specimens (Fig. 54) at
(AU«AL) = 0.06. At each value of t the value
of the intercept t (see p. 147) has been
subtracted, yielding Q = 62,5 + 2 kcal/mole.
(iii) For hydrogen quenched specimens (Fig, 34)
at A  L = 0.06, Q = 63.6 + 5  kcal/mole.
(iv) For vacuum quenched specimens (Figs. 29 and 30)
at A l  = 0 .0 1 , Q = 41.1 33 kcal/mole.
The values of Q obtained from (i), (ii) and (iii) do not vary
widely. Methods (ii) and (iii) are considered to yield the most
accurate values for the activation energy of diffusion of the
impurities causing strain-ageing. This is because in (ii) an
attempt has been made to eliminate the influence of recovery
while in (iii) the amount of recovery was very small, and the
most accurate value of Q is therefore considered to be
63 £ 3 kcal/mole. This is in reasonable agreement with one
published value (61,5 kcal/mole) for the diffusional energy of
(15)carbon xn tungsten' 7 but somewhat hxgher than other estxmates 
(17 19)  ^ agreement further demonstrates that carbon is
responsible for the yield point return during strain-ageing, 
and is discussed in more detail in section 7.4.2. The value of
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Q obtained using the criterion of "just return" of yield point 
(i.e. (iv)) agrees reasonably with Stephens1 value of 50.4 kcal/mcle 
obtained using this technique. However, this is not a good value 
for the diffusional energy of carbon because of the dominant 
influence of recovery on the values of t used.
Because of the above variations in activation energy for strain- 
ageing the correction applied to the ageing times based on equation 
(46) (section 5.3) is evidently not strictly correct. However, 
since the correction is small it may be assumed that no significant 
error was introduced, particularly for the carbon-doped and quenched 
specimens for which the value of Q used in equation (46) was close 
to the more reliable value of 63 kcal/mole*
7.2.4 Dynamic Strain-Ageing
As shown in section 6.2.4, vacuum-quenched carbon-doped specimens 
exhibited serrated stress-strain curves when tested under certain 
conditions of strain-rate and temperature (Fig.39). The absence of 
serrations in any of the curves for carbon-free specimens indicates 
that this phenomenon was one of dynamic strain-ageing due to the 
presence of carbon, and that it was not caused by the tensile 
testing machine. The increase in work hardening rate (Fig.-38) has been 
attributed to the enhanced multiplication of dislocations, due
to solute pinning during plastic flow, and it is therefore probable 
that such a mechanism accompanies jerky flow in the present case.
The absence of serrations in slow-cooled specimens may be explained 
in terms of the lower "quenched-in" carbon content being insufficient 
to cause strong dislocation locking during flow, as suggested by 
P ink*98) ,
As shown in Fig.39 there is a linear relationship between the
*logarithm of strain-rate (£ ) and reciprocal absolute temperature
(T) required for the onset of serrations. These parameters are 
thus related by the Arrhenius equation:
ft ©
£ = £ Qexp (-Q/RT)  (53)
where £ is a constant, and Q an activation energy.
This equation is the same as that obeyed by dynamic strain-ageing 
due to nitrogen in a-iron. The interpretation due to Cottrell 
of Q, as the activation energy for diffusion of the impurity causing 
strain-ageing, may therefore be tested in the present case.
From the slope of the line representing the onset of serrations 
(Fig.39) Q is found to be 58.1 kcal/mole. This value is in reasonable 
agreement with the activation energy of yield point return during 
static strain-ageing (63 kcal/mole). It is therefore considered 
that carbon causes dynamic strain-ageing by diffusing to, and pinning, 
dislocations during plastic flow. The difference between the above 
activation energies may be due to the presence of dislocation 
recovery during dynamic strain-ageing, the effects of which have not 
been allowed for as in the case of static strain-ageing (section
7.2.3).
An estimate of the diffusion coefficient of carbon is possible 
using equation (20) due to Friedel (see section 3.3). Rearranging 
this equation and substituting suitable values from the present work: 
D a £ kTb2/f W A  £ (3C)3/2J    (54)
9
where £  is the strain rate ™ 5 x 10” /sec,
T (=952°K) the minimum temperature for the appearance of 
serrations at the given strain rate, 
lc is Boltzmann’s constant,
•“ 8b the Burger’s vector = 3,16 x 10 cms,
W the dislocation-interstitial binding energy lev,
& £  the LUder’s strain 5 x 10~3 , and •
-5C the interstitial concentration, 5 x 10 atomic fraction 
(upper limit) (see section 7.1).
1 5 6 .
—13 2Using these values D = 4.4 x 10 cm /sec, and this should
represent a lower limit for D at 952°IC since the value employed
for C was the upper limit of the probable value. From the values
2of Q and D obtained, a lower limit is calculated for Dq of 9.8cm /sec,
and the implication of this rather high value is discussed in
section 7.4.2,
It can be seen from Fig. 39 that equation (53) fails at
temperatures above about 850°C when the lines for the onset of
2serrati.ons, and serrations of height 9 x 10 psi become curved.
This might be attributed to the commencement of either a further 
stage of recovery (or recrystallisation), or precipitation of the 
carbon, The latter would decrease the effective value of C and 
therefore decrease the strain-rate at which serrations are Just 
observed (equation (54)). Also a stage of carbon precipitation 
has been o b s e r v e d a t  850°C using resistivity measurements 
(section 2.2). This makes it impossible to determine the binding 
energy of carbon to a dislocation, as was performed for iron- 1 
nitrogen alloys 
7 * 2 . 5  Conclusions
(1) It has been confirmed that carbon in quenched tungsten causes 
a discontinuous yield point which returns during strain-ageing 
in the temperature range 550° to 800°C. The dislocation 
pinning process initially exhibits Cottrell-Bilby kinetics 
with an activation energy of 6 3 + 3  kcal/mole.
(2) Dislocation recovery occurs during the strain-ageing of
carbon-free and slowly cooled, carburised tungsten, causing
anomalies in the kinetics of yield point return in the
latter material. The unusual behaviour of the strain-ageing
(95)parameter observed in previous work' 7 is thus accounted for.
1 5 7 .
The pinning by carbon of a recovered dislocation structure 
leads to larger increases of yield stress than the pinning 
of the unrecovered structure.
(3) Carburised, quenched, tungsten exhibits dynamic strain-ageing
o -.5at temperatures above 680 C (£ = 5 x 10 /sec) , due to the
pinning of dislocations by carbon during plastic flow. The 
conditions for the onset of serrations obey the normal 
Arrhenius equation at low temperatures, with an activation 
energy of 58.1 kcal/mole.
7.3 INTERNAL FRICTION
7.3.1 The Snoek Peak (X)
The marked difference in the internal friction curves of carbon- 
doped and undoped specimens in the recrystallised state (Fig.41) and 
and lack of reproducibility of the curve for the undoped specimen 
are indications that practically all the damping in undoped tungsten 
is due to dislocations. Damping due to dislocations is often very 
sensitive to handling*123) and might be expected to decrease 
considerably in the presence of atoms (in this case carbon) which 
are effective in pinning dislocations. With dislocations pinned, 
the small peak X is no longer masked, and is shown to have the 
following characteristics:
(a) The peak occurs in carbon-doped tungsten, in 
either the annealed or deformed conditions (Figs. 42 
and 43 respectively) but not in carbon-free tungsten 
(Fig. 43).
(b) The peak occurs at a temperature close to the
temperatures of the peaks reported by other workers
(1 1 1 . 1 1 2) , .  ^in carbon-doped tungsten' 7 7 (see section 4.6.1).
(c) The height of the peak increases with treatments
increasing the concentration of carbon in free solid 
solution*111’ 112>.
(d) The peak is observed on cooling as well as heating 
(Schnitzel*112), and Fig* 42).
(e) The temperature at which the peak occurs increases 
with the frequency of oscillation (Fig. 47). The 
temperature shift of the peak of 27°C caused by a 
frequency change from 0.47 to 2.23 Hz. is less than 
the expected value of 33°C calculated using equation 
(30) and the previously reported activation energies 
of the peak*1 1 1 * discrepancy of 6°C in the
shift of peak temperature is due to the annealing 
away of the peak during its measurement, as.is the 
case with the nitrogen peak in chromium*1^7).
The peak X is therefore the Snoek peak due to carbon in solid
solution with tungsten. Further support of this conclusion is
drawn from a comparison of the annealing away of the Snoek peak
(25)with the studies by Krautz et al' 1 o f  resistivity decay during 
isochronal annealing (see section 2.2 and Fig.2). These authors 
found that in a specimen containing 8 ppm carbon, the initial 
stage of removal of carbon from solid solution was 90% complete 
after 20 mins annealing at 430°C. The ageing received by the 
specimen of Fig. 42 was estimated, using equation (46), to be 
equivalent to about 15 mins at the same temperature. It can be 
deduced from this figure, allowing fox the background damping, 
that this ageing treatment resulted in a decrease in the peak 
height, and therefore in dissolved carbon concentration, of the 
order of 50%. The present results for the rate of carbon 
precipitation from solid solution are therefore in reasonable 
agreement with those reported by Krautz et al*23).
(X) is complicated by the fact that it is annealed away at the
temperature at which it occurs. This makes the normal methods of
activation energy determination (section 4.1) inapplicable to the
present results, as was found with the nitrogen peak in chromium*107)*
The most accurate measurement of the activation energy is therefore
and / ]2 0)obtained using the Marx/Wert' 7 plot. A value of 43 kcal/mole 
is obtained using equation (35) due to Stephenson*121), and the 
scatter of data points on this plot indicates a maximum possible 
error of £ 2 kcal/mole. This value is in good agreement with the 
values of Schnitzel*112) (45 kcal/mole) and of Shchellconogov et 
al*111), (41 £ 4 kcal/mole), both obtained using the same method.
From the theory of internal friction, an estimate may be made 
of the diffusion coefficient (D) of carbon at the Snoek peak 
temperature (410°C), since at this temperature:
+ =  l/(2trf )  (55)
where Tis the relaxation time for ordering of carbon atoms, and 
f the frequency of oscillation, = 1 Hz.
D is related to T '  by equation (34), assuming that the migration
occurs amongst octahedral sites. This yields a value of D = 1.74
**16 2 ox 1CT cm /sec at 410 C. This value of D may be used to calculate
Dq, assuming the activation energy to be 43 kcal/mole, giving
-3 2 (31)D = 8*33 x 10 cm /sec in reasonable agreement with Wert’s' 1 o
theory of interstitial diffusion, which predicts a value Dq =
1.69 x 10"2 *18) cm2/sec.
A direct correlation between carbon content and the height of 
the Snoek peak is difficult to obtain because of the sensitivity 
limit of the chemical analysis and the fact that the peak decays 
during measurements. An approximate theoretical calculation of
The d e te rm in a t io n  o f  th e  a c t iv a t io n  ene rgy  o f  th e  Snoek peak
the ratio Of peak height ( £ ) to dissolved carbon content (Cnicix
atomic ppm) is however possible using the method of Smit and Van
Bueren^"1"5  ^ (see section 4.2). •
The calculation is easier than in the case of iron, since
tungsten is elastically isotropic. Thus:
S = 6 1T Gn V2/(45 kT)   (56)max ' 7 ' 7
1 2  2where G is the modulus of rigidity of tungsten = 1.514 x 10 dynes/cm ,
-6 3n the number of solute atoms per unit volume = 2 x 10 C/a , 
lc is Boltzman’s constant,
V the strain per solute atom, and 
T the absolute temperature = 683°K.
(3)V may be estimated from the X-ray data of Goldschmidt and Brand' 7
-47on carbon-doped, quenched, tungsten, and appears to be 1.87 x 10 
The true value of V is larger since, as pointed out by Gebhardt 
et al^4 ,^ about 50% of the carbon content of the specimens used by
Goldschmidt and Brand was precipitated during quenching. Therefore
-47V will be taken as 3.74 x 10 . Using this value of V in equation
(56) the relationship S m„x = 3.52 x lcY5 C is obtained, which 
predicts that a dissolved carbon content of 1 . 1  ppm (wt.) is 
necessary to cause the observed peak (Fig.42) of height Smax -
6 x 10~4. This value of dissolved carbon content is reasonable, 
as discussed in section 7.2.2 (p.143). This further supports the 
suggested identity of peak X as the carbon Snoek peak, and the 
fact that carbon is precipitated during quenching at temperatures 
above 1000°C,
7.3.2 The Cold Work Peak (Y)
The peak Y observed after deformation in carbon-doped tungsten 
(Figs. 43, 44, section 6.3.3) appears to be similar to the cold 
work peak reported by Schnitzel^112^. It is only observed in
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the presence in the material of both carbon (Fig.43) and dislocati.ons 
(Fig.44) and occurs at a temperature above that of the carbon Snoek 
peak. These are the characteristics of the Kbster peak observed 
in other BCC metals*141*"148). However, as the peak is not 
observed on rapid cooling from a temperature just above the peak 
temperature (Fig.45), and since the peak does not shift 
significantly-with frequency (Fig. 46), it appears that it is 
not a relaxation peak.
If the peak Y is not due to a relaxation process, it may be
caused by an irreversible internal rearrangement in the material
occurring during heating, which is responsible for the large
decrease in damping observed on cooling (Fig.44). The steadily
increasing damping observed on heating from 100° to 500°C is due
to the motion of dislocations under the oscillating stress, as
dislocation damping in other metals is known to increase with
/2 2 4  X38)temperature in a similar fashion' * When a temperature
of about 550°C is reached (i.e. near the peak temperature), the 
process of rearrangement commences and the damping decreases with 
further increase in temperature. At a temperature of about 700°C 
the process is completed and the dislocation damping due to the new, 
more stable dislocation structure again increases with temperature. 
This description of the peak Y explains satisfactorily the absence 
of the peak during cooling, and the insignificant frequency dependence 
of the peak temperature. It is also in accord with the observed 
decrease in amplitude dependent internal friction on heating (Figs,
51 and 52), which accompanies the high temperature side of the 
peak Y, since this decrease was not reproduced on cooling.
A similar model involving an irreversible rearrangement has 
been used to describe a peak in cold-worked iron containing 
carbon*182). The rearrangement process in iron was thought to be
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dislocation pinning by carbon atoms, and the peak temperature
coincided with the temperature of the Snoek peak. Dislocation
pinning by carbon atoms has been shown to occur in tungsten at
temperatures in the region of 600°C (section 7.2.2), and the peak Y
may therefore be of the same type as the peak in iron. The fact
that the peak temperature of the present peak is nearly 200°C higher
thap that of the Snoek peak (section 7.3.1) may be explained by the
instability of the tungsten-carbon solid solution. Clustering or
precipitation of carbon atoms from solid solution with tungsten
occurs very rapidly at 450°C, as shown by the present and previous 
(111  112)' 9 * studies of the Snoek peak, and by the resistivity work
(25)of Krautz et a r  ', This may effectively immobilise the carbon 
until the temperature is high enough for thermal energy to overcome 
the combined energy of activation for carbon diffusion, and the 
energy of binding of carbon in a cluster. The possibility of such 
behaviour of carbon will be discussed in section 7.4.2, while the 
suggested mechanism for the peak Y can now be examined in detail 
using the results obtained from the isothermal studies of internal 
friction.
7.3.3 Isothermal recovery of damping 
Dislocation Pinning
The peak Y occurs in the temperature range of dislocation 
pinning by carbon atoms, and the Cottrell-Bilby theory (equation (15)) 
has been shown to apply to this pinning process under certain 
conditions. The isothermal decay of damping measured in this study 
was therefore also analysed in terms of equation (15). In order to 
do this it was necessary to relate internal friction after a given 
time (6 .) to the number of atoms which migrated to dislocations 
(Nj.) • In plotting the isothermal damping decay results for
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carbon-doped tungsten (Fig. 49), it was assumed that these 
parameters obey the equation:
164.
where S and K are constants, o
Combining equations (15) and (57);
8 t = S0 - K't2 / 3  ....... (58)
where K* is a constant for a given temperature, dislocation density,
and solute content.
Equation (58) has frequently been found to apply to the decay of
Snoek damping during strain-ageing in other materials, when S
represents the Snoek peak height before ageing (section 4.5.2).
Fig. 49 shows that equation (58) is obeyed over appreciable 
lengths of time at each ageing temperature. Furthermore, these 
linear regions in Fig* 49 occur between approximately the same 
limits of ageing time as the linear regions, at corresponding 
temperatures, in Figs. 29, 30 where and are plotted. A 
comparison of these linear regions is made in Table 6 .
TABLE 6
Comparison of linear regions in Figs. 29 and 30 with those 
of Fig. 49 (Yield point return and damping decay respectively)
Approx. 
ageing temp.
°C
Linearity in
Fig. 29, 30 ( A  L)
.  ^2/3 mxns .
Linearity in 
Fig. 49 (S )
2/3mins •
527 - 50 - > 380
550 32 -  > 310 36 - 280
575 - 34 - 162
602 16 90 iCOH 80
654 7 28 7 - 22
j 700 <4 13 - .
Finally, it was found that the times taken for a given drop
in damping (A 8 = 10 x 1 0~4 ) at different temperatures in the
linear regions of Fig. 49 fitted an equation of the Arrhenius
type. This is demonstrated in Fig. 57, in which the logarithm of
^  - 4the ageing time for A  6 = 10 x 10 is plotted against reciprocal
absolute temperature (values plotted are listed in Table A. 10).
From the slope of the straight line in Fig. 57 an activation energy
of 56 + 4 kcal/mole has been obtained which is reasonably close
to the value (63 jt 3 kcal/mole) obtained for the yield point return.
This agreement, together with that shown in Table 6 demonstrates
the validity of equation (57). It is possible that this relationship
may arise from the effect of migrating carbon atoms on dislocation
damping, since such migration has been shown to occur at temperatures
above 550°C (section 7.2.2). This possibility will presently be
discussed in detail. It is evident that equation (57) could not
involve the decay of Snoek damping since it is already established
that the Snoek peak due to carbon in tungsten exists at a much lower
temperature (section 7.3.1). In addition, equation (57) can only
be valid for damping measurements made at the Snoek peak temperature.
If the measurements are made at various ageing temperatures, as is
the case in the present work, the range of $ values from start to
finish of ageing should vary considerably with ageing temperature.
The present results show that this range of S (linear regions in
-4Fig. 49) is about 25 x 10 and independent of ageing temperature, 
so that a satisfactory straight line is obtained in the activation 
energy plot (Fig.57) without normalisation.
It is therefore assumed that £ measures the effect of migrating 
carbon atoms on dislocation damping. Such damping should decrease 
as dislocations become pinned, but a quantitative theory here is
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Fig. 57. Activation energy for damping decay in carbon- 
doped deformed specimens«,
lacking. That due to Granato and LUcke appears to be valid (for 
amplitude-independent damping) only at high frequencies (section
4.3), and did not fit the present results. On the other hand, the 
theory of Swartz and Weertman^137  ^which should apply at low 
frequencies, describes the damping in a random interstitial solid 
solution, and the result of solute accumulation at the 
dislocations is not easily interpreted.
However, Swarts , found that the rate of decay of dislocation
damping accompanying strain-ageing in iron was related to the
interstitial solute content. Stephenson and Conard^^82  ^ also
reported this, and found the logarithmic damping decay to be 
2/3linear with t • Such a relationship would approxim ate to that of 
equation (58) over a small range of change of $  , The suggestion 
that the internal friction which decayed according to equation (58) 
was due to dislocations is thus qualitatively in accord with the 
work on iron. Such damping should be relatively independent of 
temperature, and therefore yield the activation energy of 
dislocation pinning without normalisation. This therefore provides 
a reasonable explanation of equation (58),
It was noted in section 4.6,2 that Carpenter and Baker found 
good agreement with the Granato-LUcke theory at a frequency of 
50 KHz. Assuming that their observations were due to carbon, the 
fact that they obtained an activation energy for the pinning process 
of 47 kcal/mole can be attributed to the extreme sensitivity of their 
technique (section 4.5.2). The material of Carpenter and Baker 
contained only about 1 ppm carbon, in which the tendency of carbon 
to cluster or precipitate was much lower than in the present material. 
Consequently, most of the pinning of dislocations was brought about 
by carbon atoms diffusing directly from free solid solution, 
requiring a lower activation energy.
1 6 7 .
Fig. 49 shows that at each annealing temperature, an initial 
rapid decrease in damping prec ed* the linear region in which 
equation (58) applies. This accompanies dislocation recovery 
(sections 7.2*1 and 7.2.2) and in the absence of carbon proceeds 
without interruption by carbon pinning (Fig. 36). This explains the 
absence of a linear region in Fig. 50, and it is evident that 
internal friction is much more sensitive to the recovery than is 
the change in yield stress (of. Figs. 50 and 36). In this respect 
the present results are similar to those obtained for FCC metals*1^8). 
Fig. 58 shows the results at 550° and 602°C on carbon-doped and 
carbon*free material re+plotted to test equation (45) for internal 
friction recovery in cold-worked metals:
R = exp (- Btn)     (45)
where B and n are constants, and
R is the normalised extent of recovery after time t, given by
* = <S0 - S t ) / ( 5 0 - 4 . )
where S 0 , 6 t, s.. , are the values of damping at the start of
ageing, after time t, and at the completion of ageing respectively*
The empirical equation (45) was shown to give a good description 
of the recovery of internal friction in cold-worked iron*1**9). In 
Fig. 58, -log R is plotted against t using logarithmic axes, and 
the linearity shown demonstrates the applicability of equation (45) 
to cold-worked tungsten. Thus recovery in the carbon-free specimens 
obeys equation (45) for ageing times up to 1,000 mins, with n <££■ §
(and increasing with temperature). However, recovery at 602°C in 
the carbon-doped specimens was found to follow equation (45) for 
times up to 10 mins only, this being of the same order as the 
recovery time (t ^ 8 mins) indicated in Fig. 54. The deviation 
shown by these specimens at longer ageing times is due to the
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The isothermal decrease of internal friction shown in Fig. 49
can now be interpreted as follows. During the isothermal annealing
of deformed tungsten containing carbon, dislocation recovery
proceeds the pinning of dislocations by carbon. The two stages
are represented by the rapid initial drop, and subsequent straight
line portions of the curves, respectively, at each annealing
2/3temperature„ The deviation from linearity in t shown at long 
times is due to over-strain-ageing effects.
Mechanism of peak Y
The highest temperature at which the peak Y was observed is 
about 580°C* Even at this temperature Fig. 54 indicates that about 
20 mins elapse before carbon begins to migrate to dislocations.
Since the peak Y was measured using a heating rate of 10°C/min, it 
is apparent that the irreversible process causing the peak can not 
initially be the Cottrell-Bilby type of pinning of dislocations by 
carbon. The peak occurs while rapid dislocation recovery is still 
taking place. The exact manner in which carbon causes the peak 
cannot, therefore, be ascertained, but the process appears to involve 
the modification of the rate of recovery of cold-worked tungsten 
at the temperature at which carbon atoms become mobile.
The observed changes in amplitude-dependent damping (A „)
(Figs,. 51, and 52) may be interpreted, in terms of this explanation, 
as follows. The recovery process causing the high temperature side 
of peak Y apparently is accompanied by only a small decrease in A  ,
A further, larger decrease in occurs at higher temperatures 
( > 650°C) where dislocation pinning occurs, in accord with the 
Granato-LUcke theory (equation (38)) which predicts a decrease in 
with decreasing Lc<
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C o t t r e l l - B i lb y  p in n in g  o f  d is lo c a t io n s .
(1 ) The presence of the Snoek peak at 410°C (1 Hz.) has been 
confirmed in the internal friction curve of tungsten 
containing carbon. The associated activation energy of the 
relaxation process is 43 + 2 kcal/mole, and the height of 
the peak is of the same order of magnitude as that estimated 
theoretically.
(2) Tungsten exhibits extensive dislocation damping even after 
small amounts of cold work. This damping recovers during 
heating, and is decreased considerably by the presence of 
carbon at the dislocations. The amplitude-independent 
dislocation damping appears to be linearly related to the 
extent of carbon segregation at dislocations during strain- 
ageing.
(3) The 1 cold-work1 peak observed between 550° and 600°C in 
carbon^-doped, cold-worked tungsten is not a relaxation peak.
It is due to a change in the rate of recovery of temperature- 
dependent dislocation damping as carbon atoms become mobile 
during the heating cycle.
7.4 GENERAL DISCUSSION
7.4,1 Correlation of internal friction and strain-ageing results
The following aspects of the present work show a good correlation 
between results obtained using the internal friction technique and 
those obtained by tensile testing.
(a) The pinning of dislocations occurs during strain-ageing 
according to Cottrell-Bilby kinetics, with an activation energy in 
the region of 60 kcal/mole. The measurements of yield point return 
and decay of internal friction are in approximate agreement 
concerning the kinetics, time limits (Table 6), and activation
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7 *3.4 C o nc lu s ions
energy o f the process. A lso , both techniques provide a f a i r ly  
sen s itive  ind ication  o f the extent o f carbon migration to  the 
d is loca tion s.
(b) D islocation recovery occurs during the strain -ageing o f carbon 
fre e  specimens and, under certa in  conditions, carbon-doped specimens. 
In ternal f r ic t io n  is  more sen s itive  to  the e ffe c ts  o f recovery,
than is  the y ie ld  stress (c f .  F igs. 36 and 50 ), as a lso shown by 
Nowick * ^ 8 ) o
(c ) The id en t if ic a t io n  o f the recovery and pinning processes in y ie ld  
stress measurements is  fa c i l i t a t e d  by the fa c t  that the changes 
caused are in the opposite sense. However, in the case o f in terna l 
f r ic t io n  measurements the separation is  less easy because the 
changes caused are in the same sense.
7.4.2 D iffusion  o f carbon in tungsten
In the present work, two w idely d if fe r in g  values have been
obtained fo r  the a c tiva tion  energy o f carbon d iffu s ion  in  tungsten,
based on observations o f the Snoek peak (section  7 .3 .1 ) and the
pinning o f d is locations (section  7 .2 .2 ). These values are compared
in  Table 7 with the previously published ones, together with Dq
values, temperature ranges o f  determination, experimental techniques
and approximate carbon-contents p artic ip a tin g  in d iffu s ion . The
/ g v  are
data o f Becker and Brandes' '  not shown because o f the 
t hey
p rob ab ility  that i t  dosws not represent the d iffu s ion  o f carbon in 
tungsten (see section  2 .2 ).
Further comparison o f the present and previous resu lts  is  made 
in  F ig . 59 where log D is  p lo tted  against 1/T. The two lines 
p lo tted  in th is ( f ig u re , in addition to  data lin es  are:
(A) A stra igh t lin e  (dotted) using the values o f Dq and Q 
obtained in the present work from the Snoek peak (section  7 *3 .1 ).
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TABLE 7
Summary of Diffusion Data for Carbon in Tungsten
Author Technique Carbon Content 
[wt .ppm)
Temperature
Range
°C
Q
(kcal/mole)
D
2 °(cm /sec)
Kovenskii *17) Tracer (a ) 1,800-2,800 40.4 9.2xl0~3
Nakone chnilcov 
(18)
Tracer (b ) 1,200-1,600 53.5+3 8 .91xl0~2
Aleksandrov
(19)
Tracer
r
(b )+ (c ) 1,100-1,450 53.5 4xl0” 2
Aleksandrov
(19)
Tracer lessthan
above
1,100-1,450 49.6 3x10" 1
1
Aleksandrov
(15)
Tracer (b )+ (c ) 900 61.5+1.5 “ 1 *3.1x10
Present work 
(S ec t.7 .2 .4 )
Dynamic
Stra in-
ageing
< 1 0 680-820 58+3 > 9.8
Present work 
(S ec t.7 .2 .3 )
S ta tic
S tra in -
ageing
<  10 550-700 63+3 -
Carpenter & 
Baker (175)
D isloca­
tion
damping
~  1 420-475 47+5 -
Present work 
(S ect.7 .3 .1 )
Snoek Peak *v'' 1 410 43+2 8.3xlo ” 3
S chn itze l*1 12 ^Snoek Peak - 400 45 -
Shchelkonogov
( 1 1 1 )
|Snoek Peak
....
380 41+4 -
(a ) - below s o lu b ility  lim it (apparently)
(b) - pure carbon at surface at s ta rt o f d iffu s ion  anneal
(c ) -  formation o f carbide m icro-preoip itates suggested 
* - author*s assumed value o f D
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(B) A curve ( fu l l  l in e )  f i t t e d  through a l l  the data apart
from that obtained from the Snoek peak. The lin e  is
and
assymptotic to lin e  (A )/ in  the region  o f 600°C has a slope 
in accordance with the present s ta t ic  strain -ageing resu lts  
(section  7 .2 ,2 ).
I t  is  apparent from Table 7 and lin e  (A) o f F ig . 59 that the
present values o f Q and Dq obtained from the Snoek peak measurements
are in good agreement w ith the resu lts  o f Kovenskii. On the other
hand, the values obtained from strain-ageing measurements (sections
7.2.3 and 7 ,2 ,4 ) are in  closer agreement with the tracer values at
lower temperatures, as shown by lin e  (B) o f F ig . 59. The o v e ra ll
varia tions in values o f  Q and Dq are much greater than would be
expected from experimental e rro r , and appear to be systematic. This
is  in disagreement with the theory, due to Wert and Zener, o f
(31)in t e r s t i t ia l  d iffu s ion , in  which Q and Dq are constants'
A number o f possib le explanations are considered fo r  the 
resu lts  summarised in  Table 7 and F ig . 59. These are discussed 
in the fo llow in g  sections I  to  I I I .  In section  I  is  considered 
the possib le existence o f permeation conditions in the various 
experiments. Section I I  comprises three theories, advanced to
explain the anomalous d iffu s ion  o f carbon or hydrogen in  iron .
Section I I I  is  concerned with the nature o f possib le in teractions 
between d iffu s in g  carbon atoms. I t  w i l l  be genera lly  assumed 
that sim ilar explanations account fo r  the deviations in d iffu s ion  
data o f both the low temperature tracer values and the strain-ageing 
value, from those obtained from high temperature tracer and Snoek 
measurements. This is  ju s t i f ie d  by the d is tribu tion  o f a l l  the 
former values along a smooth curve (B) in F ig . 59, and also by the
possible explanations o f the anomaly next considered.
1 - THE PERMEATION OF CARBON THROUGH TUNGSTEN
In the case o f d iffu s ion  o f gases through m etals, and in the 
absence o f ra te -con tro llin g  surface reactions, the d iffu s ion  rate 
through a membrane is  governed by both the s o lu b ility  o f the gas 
in  the metal, and i t s  d iffu s ion  c o e ff ic ie n t . This resu lts  from 
the gas d issolving up to  it s  terminal s o lid  s o lu b ility  where i t  
enters the membrane, and the permeation c o e ffic ie n t  may be 
expressed as the product o f the s o lu b ility  and the d iffu s ion  
c o e ff ic ie n t . In pa rticu la r, the measured activa tion  energy fo r  
permeation is  equal to the sum o f the heat o f solution  of the gas 
and the activa tion  energy fo r  d i f fu s io n ^ 95^.
A sim ilar s ituation  may be found fo r  the case o f penetration o f 
a so lid  in to  a metal, to  form an in t e r s t i t ia l  so lu tion , under the 
same conditions, i . e . :
(a) that there is  no ra te -con tro llin g  surface reaction , so that the 
terminal s o lid  so lu tion  is  always present at the metal surface.
(b) that the d iffu s ion  is  not accompanied by the formation o f a 
second phase.
I t  is  apparent from the present resu lts and previous work 
(Section 4 .6 .1 ) that the Snoek peak is  aged away by annealing 
treatments which are in su ffic ien t to  cause reasonable d is loca tion  
pinning. This indicates that some other kind o f p rec ip ita tion  is  
occurring during these treatments. I f  equilibrium were attained
by such p rec ip ita tion  o f carbon, the remaining dissolved carbon
o - 2concentration a t, say 550 C would be o f the order o f 10 atomic
ppm^4^. This amount would be in su ffic ien t to cause extensive
d is loca tion  pinning, and i t  therefore appears that during s tra in -
ageing, the carbon atoms which pin d islocations orig in a te  at c lusters
o f carbon atoms, or m icro -p rec ip ita tes , d istribu ted  throughout the
matrix. Under these circumstances, the d is loca tion  pinning process
has certa in  s im ila r it ie s  with permeation. For example the
dissolved carbon content partic ipatin g  in pinning should increase
with the ageing temperature, so that the apparent a ctiva tion  energy
fo r  pinning w i l l  be higher than the energy fo r  the d iffu s ion  o f
carbon. The p o s s ib il ity  that small p rec ip ita tes  d issolve during
strain-ageing o f iron-carbon a lloys  enhancing the stra in -ageing
process, was suggested by C o ttre ll and Leak*190) ,  but there is  no
quantitative theory to account fo r  such a process. By making
reasonable assumptions, mostly sim ilar to  those made by C o ttre ll 
(53)and B ilb y ' '  in  th e ir  analysis o f stra in -ageing, a solution may 
be obtained fo r  the case in which carbides d isso lve and provide 
carbon atoms fo r  the pinning o f d islocations (see Appendix B ).
This analysis shows that the number o f atoms (N^) a rr iv in g  at unit 
length o f d is loca tion  in time t  during strain-ageing is  given by 
(equat ion (B l l ) ) :
Nt = 3 TT (ADt/kT) 2 //3  C^ 3 C 2^3   (59)
where A is  the s ize  m is fit  parameter fo r  a carbon atom,
D the d iffu s ion  c o e ff ic ie n t  of carbon,
Cp the in i t i a l  concentration o f carbon present as 
pr e cip  i t  a te , and 
Cg the s o lid  s o lu b ility  o f carbon in tungsten at 
temperature T (Cg ^ C ^).
I f  D and Cg are represented by the equations:
D ® Dq exp (-Q/RT)
Cs = Cq exp (-  A  H/RT)  (60)
where C  ^ is  a constant, and A  H the heat o f solu tion  o f the carb ide, 
then substitu ting fo r  D and Cg in equation (59) and rearranging:
ln (t/T ) = In K' + (Q + A  H)/RT   (61)
where IC* is  a constant fo r  a given value o f N^.
A graph in ln (t/T ) against 3/T (a t constant ) w i l l  have a slope 
(Q + A H )/ R .
The fo llow in g  pred ictions o f th is theory are now compared
with the present y ie ld  point return measurements:
2/3( i )  should vary in i t i a l l y  as t  fo r  a given ageing 
temperature (equation (5 9 )).
This is  w e ll obeyed (F igs. 34 and 54) but is  in su ffic ien t to
d istingu ish  between the present theory and that o f C o ttre ll and
(53) 2/3B ilb y ' ' .  I t  may be noted here that k in etics  in t  were not
obtained from other models based 011 d iffe ren t assumptions from
those o f Appendix B. Other models fo r  which mathematical solutions
were obtained involved  the assumption that the ra te o f
p rec ip ita te  d issolu tion  was ra te -con tro llin g , in which case the
rate o f a r r iv a l o f pinning atoms re fle c ted  the s p e c ific  k in etics
o f d issolu tion .
( i i )  The apparent ac tiva tion  energy o f the d is loca tion  pinning 
process should be the sum (Q + A. H) (equation (6 1 )).
I t  w i l l  be assumed that Q is  43 kcal/mole, i . e .  the value 
obtained from the position  o f the Snoek peak (section  7 .3 .1 ). A 
value o f A h  may be based on the estimation by Gebhardt*4) o f the 
heat o f solution  o f ditungsten carbide ( A H ^ ) i . e .  A  = 29.8 
kcal/mole o f W2C. W2C is  l ik e ly  to be the source o f carbon during 
strain-ageing since Krautz et a l* 23) have shown that th is  carbide 
is  p rec ip ita ted  from tungsten supersaturated with carbon at 
temperatures below 1,000°C. However, the heat o f solu tion  o f 
carbide ( A H )  in the present case would certa in ly  be less than 
Gebhardt*s value due to the carbide being p rec ip ita ted  in  a tungsten 
matrix. The constraints in volved , which decrease the heat o f 
so lu tion , may be considered as a bulk stra in  enthalpy (&Hs ) ,  due
to the volume increaeo accompanying procip.it at ion, and an interfacial
enthalpy (A Hj), due to the-W2C/W interface, thus:
A H = & H m - A H S -  A H j   (62)
A  H may be calcu lated from the e la s t ic  constants o f the 3
carbide and the metal and a value o f 7.73 kcal/mole has'been 
obtained (see Appendix C ), A h on the other hand, cannot be
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calcu lated without a model fo r  the precip ita te-m atrix  in te rfa ce . 
Substitution in  equation (60) fo r  an<3 !
A h «  22.1 - A H j kcal/mole   (63)
and the apparent a c tiva tion  energy o f y ie ld  point return w i l l ,  
th ere fo re , be (Q + A h) = 6 5 - kcals/mole. The experimental 
value fo r  (Q + A H ) was 63 kcal/mole (section  7 .2 .3 ), so that AH ^ 
equals 2 kcal/mole, which is  w ith in the experimental e r ro r .
According to  nucleation theory a small value o f AH ^ resu lts
in  a small s ize  fo r  the c r i t ic a l  stable nucleus during p rec ip ita tion , 
thus favouring rapid p rec ip ita tion . The in s ta b ility  o f the tungsten- 
carbon so lid  solu tion  indicates that th is  is  indeed the case, 
ju s t ify in g  the small A  obtained. I t  is  concluded, th ere fo re , that 
the apparent activa tion  energy o f d is loca tion  pinning, as obtained 
in the present work, is  a reasonable one in the context o f the 
present theory.
( i i i )  The remaining pred iction  by which the theory may be tested
is  that the extent o f d is loca tion  pinning ( i . e .  value o f N^) a fte r
1/3a given ageing treatment shoxild vary as
As discussed in section  7 .2 .2 , i t  appears that attempts in  
the present work to  vary the carbon content during doping did not 
succeed in  varying the concentration o f d issolved carbon at 
temperatures below 1,000°C during quenching. Thus was not 
a ltered  by carbon-doping to  d iffe ren t ex ten ts . I t  should be noted
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that C in  the present theory re fe rs  to  very f in e  p rec ip ita te  formed
at low temperatures (below 1,000°C during quenching, or during
heating p r io r to stra in -ageing ) and not to  coarse p rec ip ita te
formed at the beginning o f quenching. This is  because the la t t e r ,
being very w idely spaced compared with the d is loca tion  spacing,
could not p a rtic ip a te  appreciably in the stra in -ageing process. An
estimate may be made o f r e la t iv e  spacings o f d is locations a fte r  6%
stra in  (used in  the present w ork ), and m icro-precip itate p a rtic le s
which might1 form from the carbon content *quenched in* at 1,000°C.
Assuming a concentration o f 1 ppm carbon (section  7.3 .1 ) to be
d istribu ted  in equispaced carbide p a rtic le s  o f ,  say, 2 0  carbon
** 6atoms each, the spacing is  3.4 x 10*" cms. I f  the d is loca tion
o 2 (185)
density at 6% stra in  is  2 x 1 0  lines/cm ' the in terd is lo ca tion
-5spacing is  o f  the order o f 3.8 x 10 cms, which is  10 times the 
in ter-par t i d e  spacing. This shows that assumption *2* made in  
Appendix B is  reasonable.
While the rate o f  y ie ld  point return increased with increasing 
quenching ra te , th is  purely qu a lita tive  re lationsh ip  would be 
expected from both the C o ttre ll-B ilb y  theory (due to  the increase 
in  nQ, equation (1 5 )),  and the present theory (due to  the increase 
in  Cp )* Only a quan tita tive experimental re lationsh ip  could 
distinguish between these theories.
I t  is  apparent from th is  discussion that the theory given in 
Appendix B can account fo r  the resu lts  obtained fo r  d is loca tion  
pinning by carbon, and the disagreement between the activa tion  
energies o f the pinning and the Snoek re laxation  processes (Table 7), 
The explanation is  in accord with ex is tin g  knowledge concerning 
the low s o lu b ility  o f carbon in  tungsten, and the rap id ity  with 
which i t  is  p rec ip ita ted  from so lid  solu tion . The parameters o f
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in t e r s t i t ia l  d iffu s ion  in tungsten appear to  be those obtained from 
the Snoek peak, and from the very high temperature work o f Kovenskii
require an explanation.
In a l l  the tracer work, apart from that by Kovenskii, 
the technique used was to coat tungsten specimens with radiocarbon 
and then to measure the penetration a fte r  each d iffu s ion  anneal 
(see section  2 .2 ). In each case, equation (2) was applied to the 
measurements. However, th is  equation was derived (r e f .  195, p .19) 
fo r  the fo llow in g conditions:
( i )  When t = 0, the whole o f the d iffu s in g  substance (carbon) 
is  at x = 0 .
( i i )  The whole amount o f d iffu s in g  substance commences to  d iffu se  
from t  = 0 .
Because o f the low s o lu b ility  o f carbon, there can be l i t t l e  doubt 
that ( i i )  was not obeyed. In the experiments o f Aleksandrov fo r  
instance, the to ta l amount o f carbon d iffu s ing  in to 5 cms o f w ire 
a fte r  3|r hrs annealing at 900°C was estimated to  be 1.6 x 10 8 mg. 
I t  appears that th is  quantity was much less than the weight o f 
graphite in i t ia l l y  present on the surface o f  the w ire. An 
a ltern a tive  equ a tion ^98  ^ which might f i t  the experimental 
conditions better i s :
where C is  the carbon concentration x cms below the surface a fte r
t secs,
Cg the surface concentration o f carbon (equal to  the
saturation concentration throughout the d iffu s ion  anneal), 
Cq the in i t ia l  carbon concentration (everywhere), and
( ^ )  (F ig .59). The other tracer measurements (Table 7) s t i l l
(64)
The assumption here is  that e ith er pure carbon, or more probably
tungsten carbide, ex is ts  at the surface o f the specimen throughout
the d iffu s ion  anneal. Equation (64) was applied to  the measurements 
(15)o f Aleksandrov' , since these were the only ones published m  
d e ta il,  but a unique value o f D at 900°C was not obtained. The 
conditions o f equation (64) did not therefore apply to  the 
d iffu s ion  anneals used by Aleksandrov. I t  is  possib le that a 
change in conditions occurred from those o f equation (64) to those 
o f equation (2 ).  In order to te s t the permeation explanation o f the 
tracer values o f Q i t  would be necessary to  perform the d iffu s ion  
experiments s t r ic t ly  under the conditions o f equation (64), as done 
by Rudman*199) fo r  molybdenum. However, i t  is  evident that 
"permeation" can not completely explain the published low 
temperature tracer va lues.
I I  APPLICATION OF EXISTING THEORIES OF ANOMALOUS
INTERSTITIAL DIFFUSION TO RESULTS FOR CARBON IN TUNGSTEN 
Anomalous d iffu s ion  parameters have been reported in other BCC 
m e ta l- in te rs t it ia l systems than the present one* In considering the 
a p p lic a b ility  o f theories advanced in these cases i t  is  help fu l to 
compare the tungsten-carbon system with other systems. In Table 8 
are thus compared severa l values o f activa tion  energies fo r  
d iffu s ion , as measured by strain -ageing (Qg^)> Snoek re laxation
(Qd) and high temperature techniques (tracer or permeation) ( 0^)* 
Table 8 i l lu s tra te s  the good agreement between the values o f 
°D an<* °T ok>ta-*-neci -^ or oxygen niobium and tantalum, and 
carbon in tantalum. The values shown fo r  carbon in  molybdenum are 
rather uncertain, but no anomaly-is•apparent* .The-existence o f 
anomalies in the cases o f hydrogen and carbon d iffu s ion  in  iron are 
well-known, and the theories advanced to account fo r  these w i l l  
next be considered.
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TABLE 8
Activa tion  energies fo r  the d iffu s ion  o f in t e r s t i t ia l  
solute atoms as measured by d iffe ren t techniques
System
kcal/mole
qsa qd qt
Nb-0 2 4 .5 * " )  
25.8*63) 
2 7 .2 * " )
26.9*108) -
Ta-0 25.4 *200) 25.4 *108) -
Ta-C 3 9 .0 * " ) 38.5 *108) 40.3*201) 
43.0*18)
aFe-C 2 0 .4*67) 2 0 . I * 122) 2 0 . 1  *122) 
to
23.0*202)
Mo-C 3 6 .3 * " )  
44.3 *1 8 3 )
31 7 *^^®)
291s*111)
39.3*203) 
41.0*1" )
W-C 64* 43* 40.5*1?)
to
61.5*15)
aFe-H - 2 .0 *204) .2.5
to
9.0<205> 
_______________ _
* present work
Reference numbers are given in brackets.
Theory o f McNabb and Foster*200)
According to  th is  theory hydrogen is  delayed, during it s  
d iffu s ion , at f ix e d  s ite s  in the iron la t t ic e .  This leads to  
anomalously low values o f the activa tion  energy (Q) at low 
temperatures, where the re lease rate o f  hydrogen atoms from traps 
becomes rate con tro llin g* The traps are considered to be micro­
cracks, d is loca tion  cores and s o lid -s o lid  in te rfa ces*207).  The 
apparent value o f Q is  known to be very sen s itive  to  small amounts 
o f cold work due to  changes in  the trap density*205) .
The present stra in -ageing resu lts  have been shown to  fo llow  
C o ttre ll-B ilb y  k in etics  (section  7 .2 .2 ) so that the spacing o f 
traps would have to  be much less than the spacing o f d islocations 
in  the cold-worked structure in order not to a ffe c t  these k in e tics . 
This does not seem reasonable in  view o f the suggested nature o f the 
traps. A lso, the present a c tiva tion  energy fo r  carbon migration to  
d islocations a fte r  6% cold work is  compatible with the activa tion  
energies obtained on unworked specimens, as shown by curve ’ B* in 
F ig , 59. This indicates that the activa tion  energy is  independent 
o f cold work, unlike the case o f hydrogen in iron . Therefore, desp ite 
the apparent s im ila r ity  in  d iffu s ion  anomalies in the systems iron - 
hydrogen and tungsten-carbon, i t  is  concluded that the theory o f 
McNabb and Foster does not apply to the present system.
Theory o f McLellan*208) and Condit*209)
In th is  theory, the normal d iffu s ion  o f carbon in a-iron  
between octahedral s ite s  is  supplemented at high temperatures by a 
small fra c tion  o f atoms occupying tetrahedral s it e s ,  between which 
the energy barrier fo r  d iffu s ion  is  le ss . This causes anomalously 
high values o f both D and apparent Q at high temperatures, while the 
values obtained at low temperatures ( i . e .  from the Snoek peak and
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stra in  ageing work) are in good agreement with each other (see 
Table 8 ) .
The anomalous e f fe c t  fo r  carbon in tungsten is  d iffe ren t 
from that fo r  carbon in iron as shown in F ig . 59. Assuming that 
the Snoek peak represents jumps between octahedral s it e s ,  the 
high temperature values o f D and Q must represent sim ilar jumps, 
as they are in good agreement w ith values o f  these parameters 
obtained from the measurements of the Snoek peak. The discrepancy 
in D and Q as obtained from the low temperature tracer and s tra in - 
ageing work would then have to be explained by the presence o f jumps 
between tetrahedral s i t e s . This is  unreasonable since such jumps 
were shown^2^ ^  to  be easier than those between octahedral s ite s ,  
rather than more d i f f ic u l t ,  as indicated by the anomaly.
Theory o f Homan
According to  Homan, the anomalously high values o f  D and Q
fo r  carbon in a-iron  at high temperatures may be explained by the
association  o f a small fra c tio n  o f the carbon atoms with vacancies.
Homan calcu lated an ac tiva tion  energy fo r  m igration o f the pair
which was less than that fox unassociated carbon atoms or fo r
(212)vacancies. However, th is  theory was c r it ic is e d  by Beshers' '
and D a m a s k o n  the grounds that the activa tion  energy fo r
motion o f the pa ir should be higher than that o f e ith er the vacancy
or the carbon atom.
In the case o f tungsten the anomaly appears at low temperatures, •
where the equilibrium  vacancy concentration (Cv ) becomes very small.
According to  the e q u a t i o n :
Cv -  exp 6.5 exp (-3.15eV/kT)   (65)
o -9the concentration at 900 C is  about 10 % whxch appears much too
small to  cause any measurable e f fe c t  on the d iffu s ion  c o e ff ic ie n t .
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In the present stra in -ageing work, the stra in ing treatment may resu lt 
in  a supersaturation with vacancies, but i t  is  evident that not a l l  
o f the d iffu s ing  carbon atoms would be associated with vacancies, 
since the observed activa tion  energy (63 kcal/mole) was less than 
that fo r  vacancy d iffu s ion  (76 kcal/mole)*215) .  I t  is  therefore 
concluded that the formation o f  carbon-vacancy pairs might explain 
the high value o f Q observed during stra in -ageing, but not the 
anomalous values observed using tracer techniques in  the absence o f 
cold work.
H I  - THE DIFFUSION OF INTERACTING CARBON ATOMS
There is  considerable evidence in  the lite ra tu re  fo r  the
existence o f strong a ttra c t iv e  in teractions between carbon atoms in
(4 )
tungsten. This is  shown by the small s o lu b ility  o f carbon' 7, and
(25)
the rap id ity  with which i t  is  p rec ip ita ted  from s o lid  so lu tion ' 7
(see section  7.3 .1) as w e ll as by d irect observations *20,21) Qf  
an isotrop ic d iffu s ion  (see section  2 .2 ). Such in teractions should 
cause deviations from the normal Arrhenius re la tionsh ip  between 
d if fu s iv ity  and temperature. The formation o f carbide during tracer
(15)
d iffu s ion  experiments was reported by Aleksandrov' 7, and a further
(19)
paper by Aleksandrov and Shchelkonogov' 7 showed a concentration
dependence o f Dq and Q. In the la tte r  work i t  was considered that
microcarbide p rec ip ita te  formation accompanied carbon d iffu s ion  at
high concentrations. This phenomenon resu lted in a higher Q and
lower D value than was observed at lower carbon concentrations o
(19)(Table 7 ). I t  is  usefu l to  note that the work by these authors' 
fa i le d  to  show the same e f fe c t  in the case o f molybdenum, thus 
ju s t ify in g  the absence o f any notable analogous d iffu s ion  anomaly 
fo r  carbon in th is  metal (Table 8 ) .
In view o f the evidence o f carbide p rec ip ita tion  in  the 
tracer work, together with the apparent in a b ility  o f equation (64) 
to  account fo r  the anomalous tracer resu lts , a model involv ing 
"subscale" formation might be considered. The appearance o f 
subsurface oxide or "subscale" is  sometimes observed during the 
oxidation o f a llo y s , which has been studied th e o re t ic a lly  by 
Wagner*210) .  According to  th is  theory*217) a subscale is  observed 
provided th a t :
( i )  The m ob ility  o f oxygen in the a llo y  is  greater than that o f 
the a lloy in g  metal ( i . e .  minor a llo y  or im purity).
( i i )  The standard fr e e  energy o f formation o f a lloy in g  metal oxide 
is  more negative than the value fo r  the base metal oxide.
The theory may be applied to  carbide formation during carbon 
d iffu s ion  in to  tungsten with carbon replacing oxygen, and tungsten 
atoms at d e fec tive  s ite s  (e .g . near d is loca tion  cores) replacing 
the a lloy in g  metal. The p re fe ren tia l formation o f W^C at 
d islocations during carbon d iffu s ion  was demonstrated by French and 
Richman*21) .
The equations derived in  th is  theory could not be applied to 
any ex isting tracer measurements. However, i t  is  evident that 
according to th is  theory*217) ,  the apparent activa tion  energy o f 
d iffu s ion  would be the sum o f the true d iffu s ion a l energy, and the 
heat o f solu tion  o f tungsten carbide. The theory may be considered 
as a m odification o f the simpler permeation s ituation  described in  
part I ,  since here a lso  the d iffu s in g  solute d issolves up to  i t s  
term inal s o lu b ility  at the surface o f the metal. In order to  make 
a d eta iled  comparison with th is  theory, future tracer work should 
involve simultaneous microscopic measurements o f the depth o f 
subsurface carbide formed.
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An analogy of permeation involving subscale formation
Although the above theory might account for the results of
tracer work, i t  could not provide a sa tis fa c to ry  model on the much
smaller scale o f the present measurements o f d is loca tion  pinning.
an
This problem may be overcome by using/Atomistic approach, and such
Flynn has given a general treatment o f the annealing k in etics  
to f ix e d  sinks o f an in teracting defect species. He showed that 
under lo ca l equilibrium , the annealing is  id en tica l with that o f non­
in teracting defects having a d iffu s ion  c o e ff ic ie n t :
where cna is  the equilibrium  concentration fa r  from the sink o f an
I t  is  important to  note that equation ( 6 6 ) was derived assuming the
migration o f defects to  be governed by concentration gradients, and
was proved fo r  spherical and cy lin d r ica l sinks (e .g . voids and
dislocations re sp e c t iv e ly ). Because o f th is , the theory is ,
s t r ic t ly  speaking, inapplicable to any o f the ava ilab le  resu lts  fo r
carbon d iffu s ion  in tungsten. In the present work, C o ttre ll-B ilb y
k in etics  have been shown to  apply to  the migration o f carbon to
d is loca tions. This is  strong evidence fo r  the dominance o f the
f i r s t  order s iz e  in teraction  between carbon atoms and d islocations
in  con tro llin g  m igration, and fo r  the insign ificance at short ageing
(7 5 )
times o f flow  due to concentration grad ien ts ' 7. I t  seems reasonable
that the migration o f clusters to  d islocations would lead to k in etics  
2/3
in  t  in  the same way as does the migration o f s in g le  atoms. In
(15 17-19)the d iffu s ion  experiments o f other workers' } ' ,  migration
may be assumed to  be governed by concentration gradients, but the
a treatment has been given by Flynn^217  ^
Theory o f Flynn 2^17^
(66)
sinks are sem i- in fin ite , unlike those used by Flynn.
In order to  examine the im plications o f equation ( 6 6 )
concerning the tungsten resu lts  i t  w i l l  be supposed that s in g le
carbon atoms (S^) are in lo ca l equilibrium with clusters o f n atoms
(S^) during d iffu s ion , where n is  a small in teger. I f  and
re fe r  to  the concentrations o f atoms present as s in g les , and bound
in  c lu sters , resp ec tive ly , then the equilibrium may be w ritten :
S ^  nS, n 1
and and Cn are re la ted  by the equation:
cn/<c l ')<‘  = V " "  ®XP < -& S n°/R) exp ( A h + R T ) ..............  (67)
where f i s n° ,  A n n° are the standard entropy and enthalpy changes fo r
the complete d issocia tion  o f the cluster S^, and 
Z^ is  the number o f independent arrangements o f an in  the 
la t t i c e .
From equation (65 ):
D -- = (CD- + nC D )/ (Cn + nC ) ...........  ( 6 8 )e f f  ' 1 1  n n7 ' I n 7 ' 7
where D, and D are the d iffu s ion  co e ffic ie n ts  o f the S, and SI n  I n
resp ec tive ly .
The solu tion  to equations (67) and ( 6 8 ) then pred icts the 
temperature varia tion  o f > but is  d i f f ic u lt  to obtain fo r  the
two cases o f in terest here, i . e .  the present in vestiga tion  o f d iffu s ion  
during stra in -ageing, and the work by other workers using conventional 
tracer techniques. In both these cases and are functions o f 
time as w e ll as pos ition . Ono and Rosales*219) have given a solu tion  
fo r  a much simpler case, that o f steady-state hydrogen d iffu s ion  in 
iron , when (C^ + C^) is  a constant and independent o f time. For the 
present case only the lim itin g  cases o f very high and very low 
temperatures can be considered, thus:
( i )  At s u ff ic ie n t ly  high temperatures, Cn (equation (6 7 )),
leading to a simplification of equation (68):
(69)
( i i )  At s u ff ic ie n t ly  low temperatures, on the other hand, C^,
so that from equation ( 6 8 ) :
D . , « n C  D /(nC ) = D e f f  n n ' n7 n (70)
I t  may be assumed that the d iffu s ion a l energy o f Sn is  o f the order 
o f that fo r  plus a binding energy in the c lu ster. Also the 
Snoek peak is  assumed to  be s p e c if ic  to  the S^, and therefore to 
y ie ld  the value o f .
These conditions are summarised in Fig* 60, which illu s tra te s  
the qu a lita tive  behaviour o f ( fu l l  l in e ) with respect to and
(dotted lin es ) on an Arrhenius p lo t . The s im ila r ity  between the 
predicted e ffe c ts  (F ig *60) and the observed ones (F ig *59 and 
Table 7) is  sa tis fa c to ry . I t  therefore appears that a theory based 
on the in teraction  o f d iffu s in g  atoms could explain the anomalous 
behaviour o f carbon in tungsten. However, the theory o f Flynn 
would have to  be modified before i t  could be applied qu an tita tive ly  
to the ex is tin g  measurements o f d iffu s ion  in to a sem i-in fin ite  sink. 
Its  a p p lic a b ility  in the present form to the values obtained from 
strain -ageing is  a lso  doubtful.
Table 9 summarises the theories considered, and the extent to 
which they are able to  explain the observed anomalous d iffu s ion  o f 
carbon in  tungsten.
From Table 9 i t  may be seen that with the exception o f the 
McLellan-Condit theory, a l l  theories are capable o f p a r t ia lly  or 
completely explaining the experimental observations o f d iffu s ion  
constants. However, i t  is  unreasonable to  suppose that completely 
d iffe ren t explanations account fo r  the tracer and strain-ageing
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TABLE 9
Theories o f anomalous d iffu s ion
Theory and Section Author
....................................  1
A p p lica b ility  to
resu lts obtained from
Strain-ageing 
(Present t 
work)
Tracer
technique
Carbon trapping at 
fix ed  s ite s  - I I
McNabb & Foster - /v/
Dual s ite  occupancy 
I I
McLellan & Condit X X
C-vacancy in te r­
action - I I
Homan /V X
1
•Fermea- 4 
tion
rPrecip i~
1ta te  d is - 
f solution I
Present work 
(Appendix B) / -
+ Subscale 
analogy - 
Q I I I
Wagner -
/
C-C in teraction  - 
I I I
Flynn
A y
/ =  may exp lain  re su lts  
X  = does not exp la in  re su lts  
-  -  model not app licab le
anomalies. This reduces the number o f possib le explanations to  the 
fo llow in g  two. Either
(a ) The strain-ageing measurements are accounted fo r  by 
the "permeation" theory (Appendix B) and the tracer 
measurements by the 9ubsa&le m odification o f th is 
theory (section  I I I ) ,  o r,
(b ) A l l  the resu lts  may be a ttribu ted  to  the in teraction  
o f d iffu s in g  atoms as in Flynn’ s theory (section  I I I ) .
In e ith er case (a ) or (b ) i t  is  apparent that the only
ex is tin g  measurements o f the d i f fu s iv ity  o f unassociated carbon atoms
in  tungsten are those made using the Snoek re laxa tion , and the tracer
measurements made using very high temperature anneals and low carbon 
(17)concentrations' 7. The a c tiva tion  energy fo r  d iffu s ion  measured 
in the other experiments (including the present stra in -ageing work) 
incorporates a contribution from the heat o f solu tion  o f W2C or 
the binding energy o f carbon in  a cluster (fo r  explanations (a ) and
(b ) r e s p e c t iv e ly )*
The resu lts  obtained by Carpenter and Baker*175) (see Table 7 ), 
thought to involve the pinning o f  d is locations by carbon, appear 
to  be in accord with the explanations given above. The specimens 
used contained only about 1 ppm carbon, the technique being very 
sen s itive  (see sections 4 .5 .2 , 4 .6 .2 ), and in terms o f e ith er (a ) 
or <b), the experimental d iffu s ion a l energy should approach the 
value fo r  single carbon atoms when the concentration is  very low.
7.4.3 Conclusions
1. The measurements o f y ie ld  point return and d is loca tion
damping decay employed to  fo llow  carbon migration to  
d is locations during strain-ageing are in good agreement 
concerning the k in etics  and activa tion  energy o f th is  process.
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The existence o f an anomaly in the d iffu s ion  data fo r  carbon 
in tungsten has been confirmed.
A quantitative theory o f solute segregation during stra in - 
ageing has been developed, assuming the solu te source to 
consist o f very f in e ,  randomly d istribu ted , p rec ip ita te  
p a r t ic le s . This theory is  able to account fo r  the 
anomalously high apparent activa tion  energy fo r  carbon 
migration as the sum o f the d iffu s ion a l energy and heat 
o f solution o f carb ide.
An a lte rn a tive  explanation o f the anomaly involves 
a ttra c tiv e  in teractions between d iffu s ing  carbon atoms. In 
th is  case the apparent activa tion  energy fo r  stra in -ageing 
includes the binding energy o f carbon atoms in a c lu ster.
The d iffu s ion  c o e ff ic ie n t  <D) o f unassociated carbon atoms 
in tungsten may be represented by the equation based on the 
measurements o f the Snoek Peaks
D = 8.3 x 10~3  exp [(-4 3 ,0 0 0  + 2,000)/Rt] cms2/sec 
This equation is  in good agreement with that found using 
high temperature tracer techniques, when the d iffu s ion  
o f s in g le  atoms only is  rate con tro llin g .
(1) I t  has been confirmed that carbon causes a discontinuous 
y ie ld  point in tungsten, and that a concentration o f about 
2 0  ppm is  necessary fo r  th is  phenomenon to  be observed
in the commercial-purity m aterial.
(2) Carbon in  quenched tungsten is  shown to  cause the return 
o f the discontinuous y ie ld  point during stra in -ageing in 
the temperature range 550° to 800°C. The d is location  
pinning process in i t ia l l y  exh ib its  C o ttre ll-B ilb y  
k in e tics , having an activa tion  energy o f 63 _+ 3 kcal/mole 
which is  appreciably higher than that fo r  the d iffu s ion  
o f carbon in tungsten (43 kcal/m ole).
(3) D islocation  recovery occurs during the stra in -ageing o f
carbon-free and slowly cooled carburised tungsten, causing
/ 95)
the previously observed' ’ anomalies in the k inetics o f 
y ie ld  point return in  the la t te r  m ateria l. The pinning 
by carbon o f a recovered d is location  structure leads to 
larger increases o f y ie ld  stress than the pinning o f an 
unrecovered structure.
(4) Carburised, quenched tungsten exh ib its dynamic stra in - 
ageing at temperatures above 680°^ ( £ = 5  x 1 0  5/sec)
due to  the pinning o f d islocations by carbon during p la s t ic  
flow . The conditions fo r  the onset o f serrations obey 
the normal Arrhenius equation at low temperatures, with 
an activa tion  energy o f 58.1 kcal/mole.
(5) The presence o f the Snoek peak at 410°C (1 Hz) has been 
confirmed in the in ternal f r ic t io n  curve o f  tungsten 
containing carbon. The peak height is  o f the same 
order as that estimated th eo re tica lly .
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8. GENERAL OONCUJSIONS
Tungsten exh ib its  extensive d is loca tion  damping a fte r  
small amounts o f cold  work. This damping recovers during 
heating, and is  decreased considerably by the presence 
o f carbon at the d is locations.
The existence, at about 550°C o f the previously reported 
"co ld  work peak" in carburised cold worked tungsten has 
been confirmed. I t  has been shown that i t  is  not a 
re laxation  peak, but is  due to  a change in  the rate o f 
recovery o f temperature-dependent d is loca tion  damping, 
as carbon atoms become mobile during the heating cyc le .
An anomaly is  present in the d iffu s ion  data fo r  carbon 
in tungsten as observed in the present study and 
previously reported work (conclusion (2 ) ) .
8 (a ) A quantitative theory o f d is loca tion  pinning
during strain-ageing has been developed, involv ing 
the d isso lu tion  o f p re c ip ita te s . This theory is  
able to  account fo r  the anomalously high a c tiva tion  
energy o f d is loca tion  pinning by carbon.
8 (b ) An a lte rn a tive  explanation o f the anomaly involves 
the existence o f a ttra c tiv e  in teractions between 
d iffu s in g  carbon atoms.
8 (c ) The true d iffu s ion  c o e ff ic ie n t  fo r  unassociated 
carbon atoms in  tungsten is  that obtained from 
measurements o f  the Snoek re laxation  peak, i . e .
(a ) Two problems experienced in the present work were the extreme 
b rittlen ess  o f some o f the specimens, and the s e n s it iv ity  o f 
in ternal fr ic t io n  to  handling. These problems might be over­
come by the use o f a more sophisticated apparatus perm itting 
the heat treatment o f w ires in the in ternal f r ic t io n  apparatus, 
thus elim inating the need fo r  handling the specimens.
(b) More accurate ane lastic  data fo r  the d iffu s ion  o f carbon in 
tungsten might be obtained from measurements o f the e la s t ic  
a fte r - e f fe c t  on carbon-doped specimens having received  a very 
high quenching ra te . Such measurements should overcome the 
problems associated with the determination o f the activa tion  
energy o f unstable in ternal f r ic t io n  peaks.
(c ) The use o f high quenching rates might also make i t  possib le 
to  tes t more rigorously  the theory given in Appendix B, by 
studying the re lationsh ip  between the rate o f strain -ageing 
and the parameter C^.
(d) In order to  obtain further information on the nature o f the 
anomalous d iffu s ion  o f carbon in tungsten, i t  would be 
desirable to  employ the tracer technique under ca re fu lly
(199)controlled  boundary conditions - as carried  out by Rudman' ' 
using molybdenum.
(e ) The c r i t ic a l  carbon content necessary to  cause the discontinuous 
y ie ld  point should be tes ted  using super-purity tungsten.
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Strain  ageing resu lts fo r  carbon-doped. (30 ppm), vacuum-quenched
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APPENDIX A
TABLE A.1
specimens.
T
°C
t
min
t2/3 A  U A L ' &L
800 2.82 2 . 1 0 .198 .083 .115
6.82 3.59 .198 .096 . 1 2 1
17.3 6.69 .232 .094 .138
752 2.73 1.95 . 124 ,058 .065
4.23 2,62 .144 .069 .075
6.23 3,39 .169 ,076 .093
1 0 . 2 4.71 .169 .082 .087
1 2 .2 5.31 .204 .080 .124
27.7 9.16 .174 .099 .075
28.2 9.27 .198 .1 0 0 .098
40.2 11.7 .235 ,098 .137
65.2 16.2 .203 .078 .124
700 7.7 3.90 .085 .042 .044
7.7 3,90 .083 .046 .037
16.7 6.53 .1 2 2 .053 .069
2 2 .2 7,90 *160 .068 .092
32.7 1 0 ,2 2 ,171 .069 .1 0 2
41.7 1 2 .0 2 .198 ,081 .117
62.7 15.79 .198 ,098 .1 0 0
76.7 18.0 i 195 .096 .099
123 24.7 .236 .114 . 1 2 1
206 34.9 .*38 ,1 0 2 i 135,
654 2.5 1.84 .003 -.003 .005
6.5 3,48 .025 ,018 .007
11.5 5.09 .041 .030 . 0 1 1
12.5 5.39 •031 .014 .017
14.5 5.95 .042 .029 .013
16.5 6.45 .060 .045 .015
23.0 8.09 .060 .032 .028
26.5 8.89 .085 ,045 ,040
31.0 9.87 .093 .047 .047
32.5 10.18 .070 .041 .029
56.5 14.7 . 1 1 0 .055 .055
85.5 19.4 .119 .060 .059
117.5 23.9 .183 .077 .105
130 25.7 .170 .071 .099
166 30.2 .197 ,088 .109
181 32.0 .192 .087 .105
258 40.6 .205 .080 .126
264 41.2 .170 . 1 0 1 .069
300 44.8 .190 .080 . 1 1 0
208.
Table A . l  (Continued)
T
°C
t
mdn
*2/3t & U A b
.602 7.2 3.73 .0 0 0 .0 0 0 .0 0 0
9.2 4.39 .009 .004 .004
9.3 4,41 -.005 -.005 .0 0 0
13.2 5.58 .007 .004 .0 0 2
15.2 6.08 . 0 1 1 .009 .0 0 2
33.2 10.33 .035 .0 2 2 toi3
62.2 15.6 .042 .031 . 0 1 1
64 16.0 .042 ,028 .014
133 26.1 .058 .032 .026
159 29.4 .074 .041 .034
181 31.9 .068 .046 .0 2 2
181 31*9 .064 .040 .024
196 33.8 .073 .038 .036
295 44.3 .1 0 2 .055 .048
301 44.9 .084 .048 .036
430 56.9 .118 .053 ,065
681 77.4 .154 .076 ,078
780 84.7 .166 .069 .098
846 89*5 .160 .071 ;090
1 0 0 1 1 0 0 • 171 .076 .095
1410 126 .208 .083 ,125
550 18 6.87 — *005 -.005 .0 0 0
60 15.5 *005 i 002 .0 0 2
97 2 1 . 1 . 0 1 0 . *008 ,0 0 2
192 33.3 .017 , *012 .005
378 52*3 *026 .019 .007
1233 114.9 .044 .029 .015
2686 193 .089 .047 .042
3694 239 .095 .056 .039
5242 312 .131 . .071 .059
Strain ageing resu lts fo r  carbon-doped (90 ppm), vacuum-quenched 
specimens
TABLE A, 2
T
°C
t
rain
t 3/3 A u A  L
602 31.3 9*94 ;033 ,024
246 39*3 *080 .040
487 61.9 .106 .062
656 75 *5 *142 .056
911 94 .154 .071
TABLE A. 3
Strain  ageing resu lts  fo r  hydrogen-quenched specimens (30 ppm carbon)
T
°C
t
rain
t 2/3
A  L
700 5.75 3.21 .051
8 .2 4.07 .082
10.7 4.84 .076
654 1.5 1.31 .0 0 2
4.5 2.73 .015
11.5 5.09 .035
23.5 8 . 2 1 .048
32,5 10.18 .074
33,5 10.39 .063
53.5 14.20 .084
99.5 21,47 .096
602 9.2 4.39 ,004
32,7 10.23 .017
59.7 15.27 ,027
120.5 24.4 .038
271.2 41.9 .066
692 78.2 .085
550 14.7 6 . 0 1 .0 0 1
159 29.35 .0 1 2
556 67.62 .019
874 91.4 .032
2031 160.7 
J-----------------------
.058
TABLE A. 4
T
°C
t
mins t 2/3 A  L
654 8.5 4.17 -.008
34,5 1 0 .6 .008
76.5 18.0 .018
201.5 34.6 .026
378 52.4 ,054
486 61.8 ,058
681 77.4 .072
TABLE A. 5
T
°C
t
mins
t 2/3 A  U
654 5.5 3*20 - . 0 1 0 0
8.5 4,17 -.0224
26*5 8;89 —•0345
40.5 11.79 -.0285
116 23.8 -.0357
316 46.4 -.0396
681 77.4 -.0347
602 l l ;2 5*02 -.0075
37.2 1 1 . 1 -.0199
71.2 17.2 -.0227
133 26.1 -.0195
2 0 2 34.5 -.0224
693 78.2 -.0176
709 79.5 -.0254
550 30.5 9.8 -.0134
39.2 11.5 -.0098
42.0 1 2 . 1 -.0130
64.0 16.0 -.0117
277 42.5 -.0149
316 46.4 -.0055
780 84.7 —. 0 1 1 1
E ffec t o f temperature and stra in  ra te on serrated y ie ld in g  in 
carbon-doped tungsten
211.
TABLE A. 6
Strain  rate 
- 1sec
.  I
°C
Height o f 
serrations
psx x 1 0
5 x lcT 5 636 0
670 0
679 0.5
703 6 . 0
800 23.0
914 9.0
1 x 1 0 " 4 625 0
700 0.5
723 6 .0
748 9,0
800 23.0
868 23.0
915 9.0
2.9 x lC f4 723 0
737 0.5
748 4.0
800 1 2 .0
849 23.0
-46 x 10 763 ,5
910 7.0
8 x 1 0 ~ 4 774 0.3
838 9.0
1 X  10 625 0
652 0
800 1.5
850 9,0
912 6 , 0
10 0 0 0
1.5 x 10~3 850
_______ 7-°
3 x 10” 3 ! 820
i
0
850 ! 1.5
920 6 . 0
1------- , .
TABLE A. 7 
Damping measurements during the 
doped deformed specimens
Temperature 654°C
t
mins t 2 / 3 S» x  1 0 4
0 o 136.0
1*5 1.3 127.0
2.5 1 . 8 123.4
3.8 2.4 117.5
6 . 0 3,3 109.5
7.3 3.7 106.3
8 . 0 4.0 104.3
1 1 . 0 5.0 1 0 0 .2
12.3 5.3 99.0
13.8 5.8 96.1
15.5 6 .2 93.1
16.3 6.4 94.7
17.8 6 . 8 91.4
2 1 . 0 7 *-6 90.8
24.5 8.5 90.9
29.5 9.6 87.8
37.5 11* 2 87.0
47.5 13.1 82*7
55.5 14.6 79.8
65.5 16.2 78.5
84 19.2 75.0
93 20.5 69.0
1 12 23.2 66.3
135 26.4 67.1
345 49.2 60.0
1090 105.0 50.5
2620 190.1 46.0
2778 197.7 45.8
3956 249,9 45.6
Temperature 602°C
-..——
t
mins t 2/3 6 x io4
0 0 145.0
0 . 8 0 . 8 141.0
1.5 1.3 133.5
2.3 1.7 129.0
3.0 2 . 1 126.5
4.0 2.5 119.5
5.0 2.9 113.2
5.8 3.2 111.5
7.0 3.6 108.2
8 . 0 4.0 106.0
9.0 4.4 103.0
isothermal annealing of carbon-
Temperature 602°C (cont)
.....  ..........1
?mns t 2/3 6  x io4
1 0 . 0 4.6 1 0 0 .0
1 1 . 2 5.0 100.5
12 5.2 100.5
13 5.5 98
14 5.8 98
14.5 6 , 0 96.5
15.5 6 . 2 97.5
17 6 . 6 96.2
19 7.1 95.2
24.5 8.4 94,7
29 9.4 93.4
36 10.9 91.1
46 1 2 . 8 91.1
55 14.4 85.8
60.5 15.4 84.9
66 16.3 81.5
78 18.2 78.9
120 24.4 76.0
147 27.9 75.6
160.6 29.6 74.7
186 32.6 74.4
204 34.8 72.8
246 39.2 71.1
298 44.8 69.0
327 47.2 68.4
370 50.8 66.9
404 52.7 64.7
470 60.5 62.5
512 64.0 61.6
573 69.2 60,2
678 77.2 57.8
1310 120.5 48.8
1445 127.7 48.1
1701 142.5 45.8
1878 161.3 44.4
2766 197.2 40.8
3300 220.5 38.7
^temperature 575°CJ
brnrns1...... _...  _
2/3
_____ £>x io4
j
I © 0 138
; 0 . 8 0 . 8 134.1
2 . 0 1 . 6 128.2
TABLE A .7 (Cont. 1 
Temperature 575°C Temperature 550°C
213.
t
mins t 2/3 &x 1 0 4
5.3 3.0 113,1
5.8 3.2 112.5
6 . 0 3.3 110.7
7.3 3.7 1 1 1 . 1
8 . 0 4.0 110.7
8 . 8 4.2 108.3
9.5 4.5 108.7
1 1 . 8 5.2 105,5
13.5 5.7 104.1
14*8 6 . 0 103.0
16.5 6.5 101L 4
22.5 7.9 97.7
29.8 9.6 91.1
37 1 1 . 1 90.0
42 1 2 , 1 90.0
69 16.8 85.8
97 2 1 . 1 82.7
129 25.5 81.5
189 32.9 79.8
215 35.9 78.9
277 42.5 78.1
364 51.0 78.1
440 57.9 76,6
571 6 8 .8 74,8
1399 125.0 70.3
1511 131.4 6 8 . 1
1651 139.7 6 8 . 1
1801 148.2 6 6 ,2
2037 160 64.1
2977 207 60.3
2992 208 59.1
3424 227 57.2
4417 269 52.3
4580 276 51.9
4810 285 51.3
5740 321 48.2
5758 321 48.9 ;
t
mins t 2/3 fix io 4
2*8 2 . 0 123.1
3*5 2.3 121.3
4*3 2 . 6 118.4
5.0 9.2 114.7
6 . 0 3.3 113.7
6 . 8 3.6 110.3
8 . 0 4.0 108.9
9.0 4*3 107.3
1 0 .0 4.6 106.5
1 0 . 8 4,9 105.7
1 1 .5 5,1 104,2
12.5 5*4 103.0
15 6 . 1 1 0 2 ,0
16 6.3 101.5
2 0 7.4 1 0 0 .2
23 8 . 1 97.7
36.5 1 1 . 0 92.5
39.5 1 1 . 6 91*6
57.5 14,9 87/1
97 2 1 . 1 82.0
1 1 2 23.2 81.2
163 29.8 78.5
180 31.9 78.0
310 45,8 75.9
419 56*0 72.9
473 60.7 70.7
565 68.3 68.7
587 70.1 6 8 .6
1379 123.9 58.6
1485 130.2 57.8
1633 138.5 56
1737 144.5 55.5
1978 157.5 53.2
3012 208 46.6
3384 225 44.8
4453 271 ' 42.8
4742 282 1 41.0
5671 318 ! 39.2 
• ......................
Temperature 527°C
Temperature 550 C
t
mins 2/3 Sx io4
t
mins t 2 / 3 S x  io4
t
0 0 1 2 0 .0
0 0 132.3 0 . 8 0 . 8 119.3
0.5 0 . 6 128.5 1.5 1.3 118.2
1.3 1 . 2 125.0 2.3 1.7 115.0
2.3 1.7 120,7 3.3 2 . 2 115.0
3.0 2 . 1 120.3 4.1 2 . 6 114.5
3.8 2.4 117.5 5.0 2.9 112.5
4.5 2.7 116.7 6 . 0 3.3 110.9
214.
TABLE A.7 (cont.)
Temperature 527°C
t
mins t 2 / 3 £x io4
7.0 3.7 1 1 1 . 0
7.8 3.9 109.1
1 0 . 0 4.6 107,4
11.3 5.0 106.9
1 2 . 8 5.5 105
14.5 6 . 0 104
16.5 6.5 102.9
2 1 . 0 7.6 101.4
29.0 9.4 99.4
39.5 1 1 . 6 97.0
55 14*5 91.2
73 17,5 89.1
98 21.3 8 6 .0
131 25.8 85,1
195 33.6 82.3
303 45.1 80*7
436 57.5 78.9
1552 134*1 74*4
1733 144*3 74.4
1873 152.0 74.1 .
2138 165.8 72.8
2835 2 0 0 * 2 70.9
2912 204.0 71.4
2988 207*4 71.1
4246 262*2 69.0
4643 278.2 68.4
5696 318.9 64.3
6126 334.5 64.6
7101 369.4
i... .. . ....
61,8
215,
TABLE A.8
Damping measurements during the isothermal annealing of carbon-
fr e e  deformed specimens. 
Temperature 654°C
Temperature 602 C (cont)
t
mins t 2/3 § x  1 0 4
0 0 150.8
1 1 148»2
1 . 8 1.4 144.4
2.5 1 . 8 139*2
3.3 2 . 2 134.5
4.3 2 . 6 131.5
5.8 3.2 . 123,1
6.5 3.5 119,1
7.5 3.8 113.5
1 2 .8 5.4 123.8
13.5 5.7 115.5
14.8 6 . 0 111.5
16.0 6.4 107.1
2 0 . 0 7.4 1 0 0 .6
22.3 7.9 96.1
25.3 8 . 6 94.7
32.3 1 0 . 1 90.9
40.3 11.7 8 6 .2
45.0 12.7 98.1
54.8 14.4 87.8
71 17.2 83.7
89 19.9 80.2
104 2 2 . 1 75.5
205 34.8 69.0
533 65.7 58.3
688 78 55.2
Temperature 602°<3
0 0 119,5
1 1 116.3
2 1 . 6 114.7
3 2 . 1 109.5
4 2.5 107.1
5 2.9 104.7
6 3.3 1 0 0 .2
7 3,6 99.4
7.8 3.9 95.3
8.5 4.2 96.1
9.5 4.4 95.3
10.5 4.8 95.0
11.3 5.1 90.5
12.3 5.3 90.5
13.3 5.6 91.1
14.0 5,8 89.2
16.5 6.5 87.8
19.5 7.3 85.3
t
mins t 2/3
---------- )
Sx io4
2 2 .8 8*0 82.4
30.5 9.8 78.9
36,5 1 1 * 0 75.5
40 i 5 1 1 . 8 73.8
59,5 15.2 71.2
79*5 18*2 67.2
102 2 1 . 8 65.0
181 32.0 60.2
282 43.0 56.1
413 55.5 52.2
460 59.6 53.5
567 68.5 51.5
1393 136.4 43.5
1655 139.9 42.3
1957 156.5 41.3
2972 206.8 40.4
3182 216.3 39.9
5735 321.5 37.2
Temperature 550 C
0 o : 108.0
0.5 0 , 6 103.5
1 . 0 1 . 0 96*1
2 . 8 2 . 0 87.8
3.5 2.3 87.8
4.3 2 . 6 84.9
5.8 3.2 84.0
6.5 3.5 84.0
7.3 3.7 82.0
8.3 4.1 79.8
10.3 4.7 78.5
11.3 5.0 76.4
12.3 5.3 75.5
13.3 5.6 75.0
14.3 5.9 75.5
16.5 6.5 74.6
20.5 7,5 71.2
29.0 9.5 71.2
34.5 1 0 ,6 70.3
40 11.7 66.3
55 14.5 66.3
72 17.3 65.0
98 2 1 . 2 61.5
128 25.5 61.5
159 29.3 57.9
185 32.5 56.6
214 35.8 54.8
269 41.7 54,8
TABLE A.8 (Cont) 216*
Temperature 550°C (cont)
t
mins
t 2/3 Sx 10 4
333 48.0 53*5
453 59*0 52*2
565 68*4 5212
607 71; 7 5 1 : 1
1584 135; 9 42.1
1644 139,2 43.3
1989 158.0 41.2
2905 203.6 38.7
5004 292 37*7
5735 322 36*9
TABLE A. 9
Ageing times required fo r  various extents o f y ie ld  point return at
d iffe ren t ageing temperatures
Exteht o f y ie ld T t t/T
point return °C mins mins/°K
A  L = .07 800 1.69 .00157
in vac, quenched 752 4.57 .00446
specimens 700 30.4 .0322
654 116 .125
602 715 .817
550 5359 6.51
AU  - A  L = .06 752 3.24 .00316
in  vac. quenched 700 14.0 .0144
specimens 654 69.9 .0754
602 467.2 .534
550 4742 5.76
A L  a .06 in H2 700 6 .8 6 .00706
quenched 654 27.0 .0291
specimens 602 234 .268
550 2197 2.67
A L  -  .0 1  in vac. 654 8 . 0 .00863
quenched specimens 602 2 0 .6 .0236
550 118 .143
TABLE A. 10
Ageing times required fo r  a decay in damping o f A S = 10 x io"’4 
at d iffe ren t ageing temperatures (carbon doped specimens)
217.
Ageing temp. 
°C
2/3 . t m  F ig ,49 Ageingtime
mins
654 7.0 18.6
602 27.5 144
575 49.7 350
550 90,0 855
527 184 2516
Strain  ageing involv ing the d issolu tion  o f p rec ip ita tes  
Consider a unit length o f edge d is location  in  an in f in ite  
crys ta l containing in i t ia l l y  a saturated s o lid  solu tion  o f an 
in t e r s t i t ia l  impurity, w ith further impurity present in the form 
o f randomly d istribu ted  p rec ip ita tes .
Consider the fo llow in g  va r ia b le s : 
r is  the rad ia l distance measured from the d is loca tion  (F ig .B . l ) ,  
t  the time elapsed a fte r  the in i t ia l  s ta te ,
W the in teraction  po ten tia l betwden a solu te atom and the 
d is loca tion , 
v the d r i f t  v e lo c ity  o f a solute atom,
f  the flu x  (number o f atoms per unit area per unit time) through 
an in te rfa ce ,
c the loss o f to ta l impurity concentration at a point (number o f 
atoms per unit volume) i . e .  including both p rec ip ita te  and 
solute atoms,
n the to ta l number o f impurity atoms lo s t from a given volume.
S r ,  6 1 , 6 f>and 6 n are elemental quantities o f r ,  t ,  f , and n.
Consider the fo llow in g  constants:
D is  the d iffu s ion  c o e ff ic ie n t  o f solute atoms,
A the s ize  m is fit  parameter o f a solute atom,
Cg the impurity concentration in a saturated s o lid  so lu tion , and 
C  ^ the impurity concentration in the form o f p rec ip ita te  at t  = 0 .
The same assumptions are made concerning the solute atom- 
d is loca tion  system as were made by C o ttre ll and Bilby^53^, i . e .  
that atoms in teract with the d is loca tion  only through the f i r s t  
order s ize  e f f e c t ,  that a l l  flow  due to  concentration gradients 
is  n eg lig ib le  in  comparison with the d r i f t  flow , and that the 
d is loca tion  acts as an in f in it e  sink.
218
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Fig. B.l. Cross section of edge dislocation line showing 
an element of volume of material.
Fig. B.2. Impurity concentration as a function of r 
after a given time.
A further assumption w i l l  be that the in teraction  po ten tia l 
is  given by
W = -A/r . . ...............(B l)
i . e .  that the angular term in  equation ( 6 ) can be dropped. 
F r ied e l*73  ^ and Bullough and Newman*75  ^ have shown that th is is  
perm issib le, leading only to  a small change in a constant in the 
f in a l  equation.
Assumptions that are unique to the present derivation  are
that i
1) P rec ip ita tes  are immobile
2) The distance between p rec ip ita tes  is  small compared with the 
distance between d is loca tion s.
3) P rec ip ita tes  d isso lve  rap id ly when solute atoms are removed 
from th e ir  v ic in it y ,  so that the solute concentration is  
continuously restored to  C in a region where p rec ip ita te  is
3
s t i l l  present.
Considering atoms which are in solu tion , and using equation
(B l) :
dw/dr «  A/r2
so that using equation (14 ), the d r i f t  v e lo c ity  v may be w ritten
v = dr/dt = -  (D/kT).  dW/dr = ~(AD/kT)/r2      (B2)
where k is  Boltzmannrs constant and 
T the absolute temperature.
Because o f equation (B2) and assumption 3, there w i l l  in 
general be two d is t in c t regions in  the impurity d is tr ibu tion  a fte r  
some time has elapsed. These are termed A and B and defined thus: 
A, An inner cu linder, radius r in which the removal o f solute has» a
caused a l l  p rec ip ita te  to d isso lve , i . e .  the remaining solute 
concentration
B. The remainder, outside r^ , in which some p rec ip ita te  is  
everywhere present, i . e .  so lu te concentration = Cs «
The regions A and B are illu s tra ted  in  F ig . B.2. The number 
o f inqpurity atoms which have reached the d is location  a fte r  time t 
w i l l  equal the sum o f the numbers removed at that time from 
regions A and B.
The in terface between A and B
Consider an element o f volume, thickness S r , as shown in 
F ig .B .l,  when r ^  r^. The flu x  through a cy lin d r ica l in terface is  
given by
f  * C v s
and substituting equation (B2)
f  = - ( AD/kT) C / r 2
df/dr -  2 (AD/kT) Cs/r3
Thus the flu x  f^  crossing the inner surface o f the element is  
f .  = -(AD/kX) C / r 2
and the f lu x  f 2 crossing the outer surface is
+ (d f/ d r). £ r
and the increase in f lu x  across the element is
f x - f 2 sb -d f = - 2  (AD/kT) (Cg/r3 ) .  dx
The net rate o f loss o f concentration in  the element is
(-— )  ~ ^  Z.TT (V + 8 0  -  f ,  2.1Th ~ ( f % -  f , ) / S  r + f z / r
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(Pc/Al = (AD/kT)(C /r3)
At constant r ,  c ( t )  is  given by
•Jc ( t )  = I (AD/kT)(Cs/r3 ).d t  »  . (AD/kX) ( Cg/r3 ) t  + constant
when t  «  0 , the constant is  zero , so that
c = (AD/kT) (Cg/r3 ) t    (B.3)
The boundary condition is  c = Cp when r -  r^ , and iii th is  case 
cp = (AD/kT )<Cs/ra3) t
*  [  <AD/kX)(Cg/Cp) t  ] V 3  . . . i . .  (B.4)
Region A
A l l  p rec ip ita te  in th is region has disappeared, which 
involves where
Na = Tf r 2 C A d p
and substituting equation (B.4)
Na = i r [  (ADt/kT) (Cs/Cp )J 2 / 3  Cp   (B .5)
In addition to  the loss o f p rec ip ita te , region A has experienced
a decrease in solute concentration from the in i t i a l  value o f C .s
The calcu lation  o f solute loss may be made by considering that
(a ) The in i t ia l  concentration o f solute is  C everywhere, an atoms
remaining stationary u n til the expanding boundary r = reaches 
i t  (according to equation (B .4 )).
(b) Once inside the boundary, the atom d r if t s  towards the
d is loca tion , i t s  motion governed by equation (B .2 ).
Consider a solute atom at a distance r from the d is loca tion ,m 9
then the time t^ taken fo r  the boundary to  reach i t  is ,  from 
equation (B.4)
t l  = (kX/AD)(Cp/Cs ) r /
The subsequent time t „  taken fo r  the atom to  d r i f t  to the
Cr
d is loca tion  is  obtained from equation (B.2)
dt = -  (kT/ AD) r2.dr
J°  2 3r *dr a (kT/AD)(rm /3)
The to ta l time taken fo r  an atom to  reach the d is loca tion  is
t l  + X2 ~ (kT/AD) ( Cp/ Cs + 1 / 3 ) r m3  (B i6 )
A fter t- + t rt» a l l  solu te atoms fo r  which r r at t  “ 0 w i l l  have 1 2 7 m
/
reached the d is loca tion , the to ta l N. being
* w  2Na = + r C A m s
substitu ting fo r  r^ using equation (B .6 )
n 'a = Tf(ADt/kX) 2 / 3  [i Cs/(3Cp + CS)J 2 / 3  Cg   (B.7)
Region B
Consider the element o f volume, thickness 6 r ,  shown in 
F ig . B .l when r ^ r^. I f  Sn is  the to ta l number o f atoms which 
have l e f t  the element a fte r  t ,  the loss in concentration c in the 
element is S n / (£ r . 2 ‘ITr) and from equation (B .3)
8 n / (  8 r . 2 1 fr ) «  (ADt/kT)Cs/r3
so the to ta l number o f atoms N lo s t from region B in  time t  isB
given by
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Nb =1 2■ I f  (ADt/kT) (c3 /r2 ) „dr =1 7T (ADt/kX)Cg/rd 
J * d
is  elim inated using equation (B.4)
Nd ss 2 VT (ADt/kT)2/3C 2/3C 1 / 3   (B.8 )B S p
Tota l impurity accumulation at the d is location  
The to ta l number o f impurity atoms which have reached the 
d is loca tion  a fte r  time t  equals the sum o f those which have disappeared 
from A and B. Thus, summing equations (B *5)# (B.7) and (B .8 )
Nt -  na + " a  + nb
=3 2 / 3  (ADt/kr) 2 / 3  [ c s/(3Cp + Cs )2/3+(3Cp ) 1/3]  Cs 2 / 3
* . . »# • »  (B#9)
The fo llow in g boundary conditions are o f in te res t
(a ) When C = 0  v /  p
i . e .  a l l  the impurity atoms are in  solu tion , equation (B.9) 
becomes
N. = 32//3 7f (ADt/kT) 2 / 3^  C........................................................... (B.10)t  s
which is  the C o ttre ll-B ilb y  equation fo r  the purely rad ia l form o f
(73)in teraction  p o ten tia l (equation ( B . l ) ) '
(b ) When C »  C' ’ p s
This is  a reasonable assumption fo r  the present strain-ageing
-3resu lts , since i t  was estimated that C ppm and C ^  10 ppm atp s
550°C (section  7 .4 .2 ). Under these conditions (3C ) ^ 3»  C / (3C + C ) 2 3
P s P s
and equation (B.9) becomes
N 3?r (ADt/kT)2/3C li/3 C_2^ 3  ............( B . l l )t p s
APPENDIX C 
Bulk stra in  energy o f W^ C p rec ip ita te
For the p rec ip ita t io n  o f phase §  in a matrix o f a, the to ta l 
stra in  energy per mole o f is^220)
A  Hg = 2GV (eT )2 (3 + 4G0C ) - 1    (C . l )
where G is  the shear modulus o f a 
V_ the molal volume o f 6 
T the uniform d ila t io n a l stra in  in  the absence o f constraint, and
©
3D the com pressib ility  o f (3 
This is  true i f  the m aterials are iso trop ic , and e ith er
(a ) The p a r t ic le s  o f /9 are spherical and have d iffe re n t  moduli 
from a, or
(b ) The p a rt ic le s  o f /3 are non-spherical and have the same moduli 
as a<221>
I f  phase a is  W, and /? is  W^C, then using the values 
G = 15 x 101 1  dyn/cm2 
v\ = 2 2 . 2  cm3
eT -  ..155<22>
3,07 x 1012 dyn/cm2 (222)
Equation (C . l )  y ie ld s  AH  = 7.73 kcal/mole (o f W„C) •
